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Abstract

Inbetween drawing is one of the most time-consuming and labor-intensive procedures
in animation production. Much research has been done on automatic inbetween gener-
ation but it remains a tough issue. In image-based area, one of the difficulties lies in
correspondence between keyframes. Many existing methods apply pixel-level matching
without considering structure or motion of characters. This consequently results in in-
correct matching between keyframes and hence unsmooth inbetweens. In vector-based
area, common interpolation methods purely rely on mathematical functions of vector
representation. This often leads to distorted lines, shapes and motion.

In this thesis, we investigate a wide range of information in keyframe drawings and
accordingly propose several techniques by extracting the useful information and employ it
into the process of inbetween generation. Our research is conducted in both image-based
and vector-based areas.

In image-based area, we aim to solve the problem of incorrect matching between
keyframes. Inspired by traditional inbetween drawing practices, we propose an approach
to handle global and local motion of a character respectively. Keyframe relocation tech-
nique is proposed to minimize global motion and Modified Feature-based Matching Al-
gorithm (MFBA) is adopted to estimate the motion of local changes. By integrating the
two methods, accurate matching is achieved. Our approach is automatic and provides
a robust solution for gray scale images as well as line drawings. For a character with
complicated structure, we further propose a novel approach to segment the character into
components based on auto-extracted skeleton and then estimate the motion of each com-
ponent. This technique deals with the situation where various components of a character
have different movements.

In vector-based area, we aim to solve different kinds of distortion problems resulting

from linear interpolation. Firstly we propose a method to automatically extract feature



points of strokes in keyframes. By preserving correspondence of feature points in inbe-
tweens, the shape of strokes is well preserved. Next we advance our proposed approach
in image-based area, which handles global and local motion respectively, and apply it to
vector representation. Hierarchical structure is established and kinematic inbetweening is
applied, which makes the technique more robust for complicated characters. We further
present a method to detect junction points between strokes in keyframes. By preserving
junction points in inbetweens, the relationship between strokes is preserved as well.

Based on the requirement of converting scanned line drawings to vector represen-
tation, we finally propose a novel vectorization technique. It captures the variation of
stroke width, which is a critical feature of original hand drawings. Our technique is
automatic and efficient. It achieves high resemblance between original images and vec-
torized representations, and reduces data size significantly. It copes with different styles
of drawing, such as Chinese drawing, Japanese animes and Hollywood animations. The
technique stands as a firm base for further applications such as auto-painting and com-
plete automation of inbetween generation in the future.

Extensive experiments have been carried out and the promising results prove effec-
tiveness by incorporating various information to solve different problems in image-based
and vector-based areas. Compared with common methods, our techniques improve the
quality of inbetweens. Smoother and more realistic motion is generated. They are ap-
plicable to a wide range of situations of inbetweening. We believe our techniques can be

used to assist animators and reduce time, labor and cost in animation production.
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Chapter 1

Introduction

1.1 Motivation and Objectives

From magnificent Disney productions to popular Japanese animes, 2D animations, or
cel animations, bring joy to children and adults alike. However, making traditional 2D
animation is time-consuming and labor-intensive, which mainly consists of the following
steps: story boarding, character design, drawing(keyframes/inbetweens), inking /painting
and compositing [69].

To produce a smooth motion sequence, senior animators first draw keyframes depict-
ing the extreme postures of motion. Assistant animators then draw inbetweens according
to the keyframes [83]. Among various procedures, inbetween drawing is most tedious.
Together with inking/painting, it takes up a large proportion, approximately 60%, of
the total labor [88]. If inbetweens can be automatically generated by computer, or even
partly, a huge amount of labor and time can be saved. It will significantly reduce pro-
duction cost and improve animation quality. On the other hand, it is appropriate to
let computer do the work since inbetween drawing requires less artistry. This research
is hence motivated by a desire to provide automatic and effective inbetween generation
techniques and tools which can reduce turnaround time and labor and free animators for

more artistic and creative work.



CHAPTER 1. INTRODUCTION

Up till now, many animation systems as well as inbetween techniques have been
proposed. However, some of them only handle simple transformation such as tweening
an object along a path; some of them require heavy user-intervention e.g. selecting and
corresponding elements in keyframes; and the quality of inbetween result does not meet
the requirement of real production. Many of the problems are due to low-level matching
and interpolation in inbetween generation lacking information of drawing contents. The
objective of this research is to extract more information from keyframes and incorporate it
into inbetween generation. We will investigate information such as pose, shapes, motion,
and structure of characters as well as features and relationship of strokes in keyframes.
Subsequently we will propose several techniques to extract different kinds of information
and utilize it in inbetween generation to produce smoother and more realistic inbetween

results.

1.2 Approach Overview

Based on the requirement of practical animation production, our work is proceeded in
two categories: raster-based and vector-based inbetween generation.

Nowadays, most traditional animators are still used to draw with pencil and paper.
Our raster-based techniques handle raster images scanned into computer from animators’
drawing on paper. We propose an approach to handle global and local motion of a
character respectively. In our approach, Principle Component Analysis (PCA) [18], is
applied to estimate the respective pose of the character in keyframes i.e. the location,
the orientation and the magnitude. Global motion can thus be computed and minimized
by relocating the keyframes. Modified Feature-based Matching Algorithm (MFBA) is
adopted to handle local deformation. After the inbetweens of the relocated keyframes
are generated, the pose is restored by interpolating the global motion to produce final

inbetweens.
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To handle more complicated situations, we propose a novel technique based on seg-
mentation. A character is segmented into approximately rigid components based on the
skeleton extracted by SUSAN thinning algorithm [51]. Using a graph matching scheme,
the segmented components of the character are corresponded in different keyframes.
Global motion minimization is applied to each component to generate inbetweens. The
interpolated components are finally composited to produce final inbetweens.

On the other hand, with more computerization of animation production, it is a trend
to produce animations in vector form. Animators are making the shift from traditional
hand drawing to computer assisted creation. In our research in vector-based area, several
techniques are proposed to tackle different problems in inbetween generation of vector
drawings. Firstly we propose an approach of feature-based stroke interpolation. Feature
points depicting high curvature on strokes are extracted. Interpolation is then performed
based on the correspondence of feature points on strokes in corresponding keyframes,
which captures the characteristics of original drawings and preserves shape of strokes.
Next we propose a novel technique of motion-enhanced inbetween generation for vector
drawings. By adapting the global motion minimization approach proposed in our raster-
based work, hierarchical global motion of characters is tackled, which eliminates shape
distortion in rotation. Finally we introduce a method to detect junction points between
strokes in keyframes and preserve them through inbetweens.

There is also a requirement of vectorizing scanned hand drawings to facilitate further
processing such as editing and coloring. We hence propose a novel vectorization technique
to convert raster line drawings to vector representations. To preserve the width variance
of strokes, data disks along strokes are sampled. After being thinned one-pixel wide, the
raster image is traced and divided into segments. Sample points are adjusted to obtain
center points along the segments, while radii are computed at the same time. Feature

points are detected to better preserve shape of strokes after vectorization.

3



CHAPTER 1. INTRODUCTION

1.3 Thesis Organization

This chapter explains the motivation, the objectives and the overview of our research.
Chapter 2 reviews 2D animation production process, commercial 2D animation systems,
and existing animation techniques by other researchers for keyframe creation and inbe-
tween generation. In the ensuing chapters, our research work on computer-assisted inbe-
tween generation for 2D animation is explained in detail. In Chapter 3, We elucidate our
proposed approaches of inbetween generation for raster images. Modified Feature-based
Matching Algorithm (MFBA), global motion minimization and skeleton-based segmen-
tation will be explained in detail. In Chapter 4, we introduce our inbetween genera-
tion techniques based on the vector representation by disk B-spline curve (DBSC'). Our
proposed techniques of feature-based stroke interpolation, motion-enhanced inbetween
generation and junction preservation in inbetween generation are described in turn. A
novel approach of vectorizing raster line drawings is presented in Chapter 5. Conclusions

and discussions on future work are made in the last chapter.
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Chapter 2

Survey

2.1 Animation Production Process

It is necessary and important to have an overview of the workflow in traditional animation
production and to understand how traditional animators conventionally do their work
before developing approaches that will really meet the needs. In the following parts of
this section, the conventional steps of 2D animation production are explained, among

which keyframe and inbetween drawing process is described in detail.

2.1.1 Traditional Animation

Traditional animation is also referred to as cel animation, or hand-drawn animation. In
a traditional animation, each frame is drawn by hand. The major steps to make a tradi-
tional animation [53, 83| are illustrated in Figure 2.1 and will be described as follows. For
higher efficiency, there is often an overlap in the above procedures and even parallelism

in practice [83].

Storyboard
To depict the story which the animation is to tell, synopsis and scenario play the role

of a summary and a detailed text respectively. The storyboard offers a visual description
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Storyboard —)| Layout |—| Soundtrack ﬁ| Keyframe drawing

L

Editing |<— Cameras |(— Inking & Painting |(— Inbetweening

Figure 2.1: Traditional animation production process

of the film’s key moments, composed of a sequence of drawings that define specific actions.

Layout

Based on the storyboard, this step mainly consists of character designing and action
plotting. It is important to illustrate the appearance of individual character in different
poses and from various perspectives as well as the proportion between each character.
This will serve as a reference when the entire task of drawing is later distributed to a

team of animators so that the drawings from different animators remain consistent.

Soundtrack

In conventional animation, soundtrack is usually recorded preceding the animating
process. Motion must be analyzed frame by frame in order to achieve synchronization
with dialog and music. Alternatively, scoring and sound effects can be added in final

editing and mixing.

Keyframe drawing

The drawing of frames is the spirit of animation. In this process, animator draws
sequences of animation on sheets of paper perforated to fit the peg bars on the light boz.
A light box, also called the trace box, as shown in Figure 2.2, holds a fluorescent light
fixture that shines up through a rotatable disk of frosted glass or milky-white plastic.

This allows animators to see through the sheets and easily trace images on a sheet of

6



CHAPTER 2. SURVEY

paper below the one he is working on. The peg bar on the disk helps to register the

sheets with corresponding holes.

Figure 2.2: Drawing frames over light box

A keyframe animator will draw keyframes in a scene, using the character layouts as
a guide. They draw enough frames to get across major points of the action. A frame
often comprises multiple layers. Different characters and backgrounds are usually drawn
in different layers so that characters may move without disturbing backgrounds, or back-
grounds may vary by scrolling to one side as characters move. Only what moves in each
frame must be drawn anew. All the layers will be composited into a single frame. Dur-
ing this stage as well as the subsequent inbetween drawing process, line testing will be
carried out, where the pencil drawings are quickly photographed or scanned and synced
with necessary soundtracks, in order to get a preview of the actions and rectify flaws. An
animator may be required to re-work on a scene many times before the director approves

it.
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Inbetweening

Once the keyframes are finished, the drawings go through a clean-up process and are
forwarded to the inbetweeners. The inbetweeners will fill up remaining frames which are
placed between keyframes in order to make the movement look smooth. These frames
are called inbetweens. Inbetweeners create inbetweens according to the changes between
keyframes. To draw an inbetween frame, the given two keyframes and a blank sheet
for inbetween are first registered by holes onto the pegs of the light box for alignment.
The pegs maintain registration so that all the keyframes and the inbetween are in exact
relationship to each other. The light shines from the back of the sheets making the sheets
look transparent so that the drawing on all the sheets can be visualized. The inbetweener
examines the change between the keyframes and draws the mid-elements of corresponding
points, lines and shapes based on which he draws inbetweens. Once finished, starting
from the first keyframe, every frame in the sequence changes slightly from the previous
one until finally the second keyframe is reached. An example is illustrated in Figure 2.3.

The resulting drawings are again pencil-tested for approval.

Keyframe 1 Inbetween 1 Inbetween 2 Inbetween 3 Keyframe 2

Figure 2.3: Keyframes and inbetweens

Among various procedures of traditional animation production, inbetween drawing is
one of the most tedious ones. A 90-minute cel animation consists of more than 100,000
frames, a large proportion of which are inbetweens. Automation of inbetween generation

would allow artists to leave this tedious work to the computer and concentrate on the

8
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more creative work of drawing the keyframes. However, quality is a crucial issue. As re-
capitulated by John Halas [35], one of the world’s most famous animators, ‘movement is
the essence of animation’. Animators must make sure that objects move in a convincing
manner. Inbetweens play an important part in the quality of the final animation. Despite
the computerization of some other procedures in the production, so far inbetweens are
mostly drawn manually. The results of some automatic inbetween generation systems do

not reach the standard of the industry.

Inking and painting

In early years, the completed pencil drawings are subsequently transferred to acetate
cels by xerography. The inking and painting stage is gone through on the cels with the
right degree of opacity. Nowadays it is a common practice to scan the drawings into

computer and paint them using a wide variety of software tools.

Cameras

After compositing all the layers of a frame and carefully checking the action in the
scenes assuring that everything is properly executed and identified, all the frames are
brought together on the rostrum camera, illuminated and photographed onto color films

or videotapes frame by frame at certain rate, e.g. 24 frames per second.

Editing
To transform the shot film into a final product, postprocessing and editing is applied

where the film is assembled, sorted and spliced to polish the final production.
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2.1.2 Computer-Assisted Animation

With the development of computer techniques, the process of traditional 2D animation
production gradually moves to the computer-assisted stage. Quite a few procedures are
being carried out using computer animation systems nowadays. For example, inking
and painting are usually done digitally after the outline drawings are scanned into the
computer instead of being transferred to cels and then colored by hand. Compositing and
editing is mainly done on computer as well. Using computers facilitates easier exchange of
artwork and cooperation of production between departments, studios and even countries.

For frame drawing process, many animators still use pencil and paper. The drawings
are scanned into computer and stored as raster images for further processing. On the
other hand, it has also become possible for animators to directly draw frames in computer
using a digital tablet, as shown in Figure 2.4. It is similar to the way of drawing on papers
but easier for modification. The drawings can be stored as either raster images or vector
form.

Raster images capture the exact styles and characteristics an animator desires and it
is easier and more intuitive for a traditionally-trained animator to control the appearance
of the final work. Artists can produce higher-quality drawings using their paper drawing
skills, free from possible limitations imposed by vector drawing tools. The process is
more straight-forward. However, the higher quality is demanded which requires larger
resolution of images, the more storage space is needed for the image files.

Vector drawings are easier and faster for modification. They have advantages, e.g.
scalability and compactness. They can be scaled and rotated without losing fidelity,
which allows easy reuse by simply changing output resolution. Vector form is concise
in representation hence is of small storage size. It is more suitable than raster drawings
for animation production to be displayed on high definition display devices, which are

becoming more popular and may soon be dominant in market.

10
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Some techniques are also developed to convert raster drawings to vector form which
further facilitates the drawing process. It is likely that paperless 2D animation will

supersede the traditional pencil-and-paper animation, not too far in the future.

Figure 2.4: Drawing frames on a tablet PC

No matter whether an animator uses raster or vector drawing, it is difficult to generate
inbetweens automatically. In most cases, inbetweens are still drawn frame by frame
manually. Therefore it is one of our major goals to make automatic inbetween generation

easier and more accurate.

2.2 Commercial 2D Animation Systems

There are quite a few commercial 2D animation systems available to assist animators
in the production. We will go through these systems, concentrating on the modules or
techniques for frame drawing and inbetween generation, if any.

As depicted in [42], the two main classes of automated inbetweening systems are based
on templates [58, 4] or explicit correspondence [86]. In template-based systems, a de-
signer creates a template for each character. Animators must then restrict the character’s

movements according to the template. The correspondence between each keyframe and
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the template must be specified. Explicit correspondence systems use two keyframes and
generate inbetweens on a curve-by-curve basis. An operator is also required to specify
the correspondence between the curves in the two keyframes. Sometimes, a zero-length

curve must be created when a new stroke appears or disappears between keyframes.

[Tic Tac Toon]| [42]

TicTacToon is a system for professional 2D animation studios produced by Toon
Boom Technologies Inc. It is the first animation system which uses vector-based sketching
and painting that replaces the traditional paper-based production process. It provides
interface enabling professionals to sketch and draw like they do on paper, and trans-
forms a pen trajectory with varying pressure into a stroke of varying thickness using
Bézier curves and least squares curve fitting, in realtime. However, it does not provide
a computer-assisted inbetweening module. Animators need to draw inbetweens frame
by frame according to keyframes as they do in traditional way. TicTacToon has been

discontinued by Toon Boom Technologies Inc.

[Toon Boom Studio] [§]

Toon Boom Technologies Inc. later developed a sequence of animation software pack-
ages, including Toon Boom Studio for individuals and Toon Boom Harmony, an en-
terprise version for studios, advanced from their previous product ‘USAnimation’. With
integrated workflow and configurable user interface, their systems cover most of the tasks
in animation production and are good for producing paper-cut animations. The products
are vector-based, resolution-independent, supporting vectorization from scanned bitmaps
or directly drawing on tablet. Harmony is armed with more powerful features, such as
morphing, inverse kinematics and its glue effect. Inbetweens can be created using the

morphing tools. However, it is object-based, i.e. user creates a vector-based object and
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transforms it to create the next keyframe. The practice is limited to relatively simple
movements. It is quite a different solution from traditional animation where animators
draw keyframes separately. Here animators only create the first frame and alter it by
some transformation to be the second keyframes. Then the system interpolates or morphs
the transformation to generate inbetweens. It is not intuitive and sometimes troublesome

and complicated to control and it can only generate limited motion.

[Animo] [4]

Animo is a software for professional animation production which integrates 2D and
3D animation. It is produced by Cambridge Animation Systems and was first launched in
1990. Animo uses a mixture of bitmap and vector technology to provide both clean, fast,
animateable vector paint and the accuracy and essence of the original drawings though
bitmaps. Animo uses the original scanned lines from animators’ drawing to perform the
subsequent processes such as painting, which is raster-based. Vector painting and draw-
ing tools allow users to create inbetween frames but only camera and element positions

can be keyframed and automatically inbetweened.

[Retas!Pro] [7]

RETAS! (Revolutionary Engineering Total Animation System) Pro is a digital ani-
mation production package produced by CELSYS, Inc. It is the leader software used in
Japan. RETAS! is primarily a bitmap based system. One of its components, TraceMan,
is the scanning application that allows users to scan their images into the system and
trace the images so that the outlines are suitable for painting. It previously used con-
ventional raster representation for traced strokes. In the recent version, it also supports
vector tracing. After loading a raster image to be traced, user clicks on the lines to drop

control points and the system automatically interpolates the control points into vector
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representation. However, no inbetweening module is available.

[Micromedia Flash] [6]

Micromedia Flash is a well known vector animation software for web animation cre-
ation. It enables users to create vector-represented objects in keyframes. The parts of a
character with different movement are defined as independent objects and manipulated
separately. User creates keyframes by dragging the object to its starting and ending
location in the keyframes. The moving path can also be specified. Flash will draw and
transform the inbetween shapes.

Because of the limitations of the software and small file sizes for web distribution,
a large part of animations created in Flash are simplistic limited animations, or in a
cutout animation style. Some typical features of Flash animation could be: jerky natural
movements (walks, gesture), lip movement without interpolation, abrupt changes from
front to profile view or even no head turns at all. Generally Flash is used for quick and
less complicated animation production which does not require high quality as traditional

animation does.

[Mirage Studio] [3]

Mirage Studio is a paperless digital animation system designed by Bauhaus Software,
Inc. It is a bitmap-based system, which digitally produces frames similar to those drawn
on real paper. It uses bitmap to produce stylish brush effects, change opacity, and ac-
curately simulate natural-media tools, such as crayon, charcoal, oil painting, chalk etc.

It can apply motion along linear or spline paths similar to the tweening function in Flash.

Table 2.1 compares the advantages and disadvantages of the above-mentioned ani-

mation systems. There are some other animation softwares such as Plastic Animation
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Paper [1], Toonz [9], CelAction2D [5], Animation Stand [2] etc., none of which provide
an inbetween generation module. In all, most existing animation systems do not support
inbetweening function. A few systems with inbetweening function change the nature of

inbetweening and limit its complexity.

Table 2.1: Comparison between representative animation systems

‘ Systems ‘ Advantages ‘ Disadvantages ‘
‘ Tic Tac Toon ‘ Vector-based ‘ No inbetweening module ‘
Toon Boom Studio Vector-based Limited simple motion
Morphing tools Complicated to control
Inverse kinematics
Animo Mixture of bitmap and Inbetween of only camera
vector technology and element position
Retas!Pro Bitmap-based No inbetweening module

Vector tracing

Micromedia Flash Vector-represented Simple limited animation
Object-based inbetweening

Mirage Studio Bitmap-based Simple tweening
Path-based motion

2.3 Inbetween Generation Techniques

Catmull [23] presents an overview of computer-assisted animation problems and suggests
possible solutions in several aspects to handle inbetweening. During the past decades,
tremendous effort has been made concerning each proposed method. In this section, we
will review previous research work on this topic, both in image-based and vector-based
areas.

Image-based inbetween generation can be summarized as follows: given scanned

keyframes of raster images, match pairs of drawings or match drawings to a template, i.e.
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establish correspondence between components in the keyframes based on image proper-
ties, and interpolate inbetweens. Vector-based inbetweening techniques are similar but
they handle input frames represented in vector form, usually by mathematical represen-
tation. There may not be distinct boundary between these two categories as in some

methods there is a mixture of both image and vector techniques.

2.3.1 Curve Interpolation

Most inbetweening techniques are based on a curve-by-curve basis or an object-to-object
basis [42]. Interpolation is performed on the corresponding elements in keyframes based
on fitting a set of interpolating splines through key positions.

Some attempts are made to improve mechanical look, discontinuity and distortion of
intermediate curves resulting from linear interpolation and target at smoother and more
natural transition between target and source images. Reeves [79] presents an approach
that gives animators more flexible control over interpolation through moving points which
constrains both trajectory and dynamics of certain points in keyframes. Kochanek and
Bartel [81] propose a method of using cubic interpolating splines. Three control param-
eters allow animators to change the tension, continuity, and bias of the splines. Each of
the parameters can be used for either local or global control. Bartel and Hardock [65]
study associations between spline curves within a frame that hold throughout inbetweens.
Control points of curves are used as key points of interpolation to generate inbetweens.

These methods focus on interpolating one curve at a time without considering the
correspondence problem of the numerous pairs of curves in two keyframes. In most of
these methods, a one-to-one correspondence is assumed between components in keyframes
and interpolation is performed to the corresponding elements. Alternatively, animators
are required to manually specify explicit correspondences between curves in keyframes.
Moreover, some parameters need to be manually controlled to obtain desired inbetween

results. Therefore, it requires additional work of animators aside from drawing.
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Kort [12] presents an algorithm for automatic mapping of the strokes in keyframes.
Each keyframe is analyzed and classified into strokes, strokes chains and relations that
hold among them. Correspondence is obtained according to the rules which specify
changes allowed between relations. The correct matching of strokes is determined by
a cost-function-based approach. Like some earlier attempts [76] for automatic stroke
mapping, the approach works mostly for simple cases. When the drawing becomes more
complicated, it frequently results in incorrect matching and requires indispensable manual

correction.

2.3.2 Image Morphing

Image morphing, also referred to as image metamorphosis, is a powerful tool for visual
effects in film and television and has always been a research interest. It enables smooth
transition from a source image to a target one, in some way similar to inbetweening.
A conventional method of generating an intermediate image is by cross-dissolving the
source and the target images. This approach, however, cannot generate a high-quality
image since the features of the objects in the source and the target images are generally
not coincident with each other.

To assure smooth transformation, first the source and the target images are warped
so that the features on both images are aligned to each other and then the colors of the
warped images are cross-dissolved. First, animators need to establish the correspondence
between two images with pairs of feature primitives, e.g., points, line segments or curves.
Each primitive specifies an image feature. The feature correspondence is then used to
compute mapping functions that define the spatial relationship between all points in
both images. The mapping functions, or the warp functions, will be used to interpolate
the positions of the features across the morph sequence. Once both images have been
warped into alignment for intermediate feature positions, inbetween images are generated

by intensity interpolation [30].
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There are four main issues to overcome in morphing. First is to extract the features
from the source and the target images, and to establish the correspondence between these
features. Second is to interpolate these features to generate features for the intermediate
images. Third is to define a warp function. And lastly is to control the transition rates
of the shape and the color. These major problems influence the ease and effectiveness in
generating high-quality metamorphosis sequences. Wolberg [30] gives a survey on various
image morphing techniques addressing the problems, such as radial basis functions [57],
thin plate splines [67, 61], energy minimization [68], and multilevel free-form deformations
[68]. Other efforts are also made, such as [77, 60, 46].

In [46], an object-space morphing technique that blends the interiors of given two-
or three-dimensional shapes in presented. Given a boundary vertex correspondence, the
source and target shapes are decomposed into isomorphic simplicial complexes. The
algorithm computes the compatible triangulation of the two shapes. Next, the optimal
least-distorting morphing between each part of corresponding triangles is determined.
The global transformation is defined as a transformation which minimizes the overall
local deformation. This method as well as some others [22] handles image morphing
using triangulation, which is not suitable for line drawings.

[33] presents solutions to the feature correspondence and feature interpolation prob-
lems in image morphing. User needs to specify the correspondence between the source
and target images by drawing input curves on the features of the objects. The correspon-
dence between these curves at the pixel level is computed by optimizing a cost function.
Based on this correspondence, the input curves are approximated using Bézier curves.
Then the Bézier curves and the connections among them are represented using a ‘depen-
dency graph’. Inbetweens are generated by interpolating the dependency graphs using
the edge-angle blending techniques. The algorithm does not prevent the intersections
between features during interpolation. The edge-angle blend technique for interpolating

the dependency graph might distort the area of the intermediate shape.
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2.3.3 Shape Blending

Shape blending is a research topic within the scope of image morphing but more specific
on single-shape interpolation without considering intensity. Given two polygonal shapes,
a continuous shape transformation from one to another is to be computed. It also consists
of two problems: vertex correspondence and interpolation path.

A physical based approach is introduced in [84]. The given shapes are considered to
be constructed of a piece of wire, and a solution is found whereby the first shape can
be bent and/or stretched into the second one with a global minimum solution of a work
function. The method requires users to specify the values of various parameters which
control the intermediate shape change in order to achieve desired result. Due to the
linear motion between corresponding vertices, some parts tend to distort especially when
rotation occurs. Improvement is made in [86] by interpolating the intrinsic attributes of
the shapes i.e. the edge lengths and the vertex angles, instead of the explicit coordinates
of the polygon vertices. Some works have been presented to avoid self-intersection of the
intermediate polygons. Shapira and Rappoport [50] use the star-skeleton representation
for the polygons. Intermediate shapes are generated by blending the parametric descrip-
tion of these skeletons. Gotsman and Surazhsky [19] achieve the non-self-intersection
property by blending compatible triangulations of corresponding point sets, which is
performed by interpolating vertex barycentric coordinates instead of vertex locations.
Surazhsky et. al. [80] propose a method for blending polygonal shapes with different
topologies, which also guarantees non-self-intersections. Sederberg and Greenwood [85]
make further improvements in shape blending by using B-spline curves. The shortcoming
of these methods is that they only consider the interpolation between two object bound-
aries. Animation drawings are much more complicated. Matching shapes between two

keyframes is in the first place difficult. It is also difficult to specify the parameters to
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obtain desired results.

A common requirement of most approaches of image morphing or shape blending
is a pre-specified initial correspondence between the source and the target images or
shapes, which involves manual interference, more or less. Some algorithms such as [60]
address the problem of automatic correspondence but are more suitable for the situations
when the input images are sufficiently similar. Generally, user-interaction is inevitable
without high-level understanding of the input images. This remains a research focus in
the field. Besides, most of these methods do not specifically consider features or motion

in inbteween generation, which may result in distortion of inbetweens.

2.3.4 Skeleton Technique

In order to have more control of complex motion dynamics in inbetweening, Burtnyk and
Wein [58] introduce a high level of interaction utilizing skeleton drawings established in
correspondence to a fully drawn character. This idea is derived from examination of the
methods used in conventional animation where animators often sketch stick figure repre-
sentations to draft keyframes. According to their method, a drawing is represented by a
simple skeleton. The image is described in relative coordinates and the skeleton represen-
tation implies a central core of connected ’bones’” with a surrounding image distribution.
A distorted form of the image is extracted by modifying only the skeleton. Thus the
problem is reduced to animating a stick figure representation of the image which will in
turn impart the movement to the actual image sequence. Since the skeletons are simple
images composed of only a few points, it is possible to provide a high level of interaction.

The result is impressive with smoother motion. However, this technique requires a
huge amount of human interventions, not only in the skeleton representation setup but
also in the manipulation of the skeleton for keyframe creation. The process of recon-

structing the silhouette does not work well around joints and may require manual work.
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Besides, the interpolation process is also based on stroke-to-stroke mapping, which re-
quires an invariant order of stroke tracing from images, which is based on input order.
Owen and Willis [48] discuss a method of modelling cartoon characters that sepa-
rates the appearance of the character from its movement. A shape tree and a skeleton
are used respectively as representations. The main benefits are the ability to store and
mix character movements, as defined by the changing position of the skeleton, and the
separation of appearance from movement, allowing independent reuse of these two ele-
ments. However, heavy user-interference is required for establishing the structure. The
technique is also object-based, similar to some animation systems such as [8]. We have
explained earlier in Section 2.2 that the process of inbetween generation is different from

traditional production.

2.3.5 2.5D Technique

In traditional animation, a frame often comprises multiple layers. For example, in order to
make an object move in front of a background, animators use one layer for background and
another for object so that multiple animators can work simultaneously on different layers.
Each layer is drawn separately. Then all layers are composited together and transferred
onto film by photographing. The concept of 2.5D is derived from this conventional
practice. It maintains the drawing order of 2D objects so that the objects appear to
be on hierarchies of parallel planes which compose the actual image. The elements on
higher planes occlude elements on lower planes.

Litwinowicz [20] first brings the concept into his animation system, Inkwell, which
attempts to provide animators a natural and intuitive way of drawing characters. The
algorithm in [12] is also layer-based, assuming an invariant layering order.

Van Reeth [29] later suggests integrating 2.5D techiniques to support traditional an-

imation. Together with Di Fiore, he introduces a method for automatic inbetweening
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based on 2.5D modelling [28]. Characters and objects are modelled as sets of depth
ordered primitives with respect to the x-axis and y-axis rotations. Every frame is de-
picted by a list indexed by two rotation angles. It holds the references to the underlying
curve primitives as well as their drawing order in the frame. A set of extreme frames
serving as a template is first set up. After specifying the rotation parameters of the
keyframe, the intermediate frame is generated by interpolating the most similar extreme
frames. A multi-level system architecture is also suggested. Level 0 starts with basic 2D
drawing primitives (curves); level 1 comprises explicit 2.5D modelling structures; level 2
includes hierarchical information by means of skeletons and level 3 offers the opportunity
to include high-level tools.

They further introduce a method of mimicing emotions of a character as seen from
different viewpoints [27]. The concept of Facial Emotion Channels they proposed is
similar to multi-layer technique. Every individual part of the face is called a Facial
Emotion Channel and modelled independently. For each part, a set of versions depicting
different emotions are modelled, which is controlled by user-input parameters. A created
emotion from one point of view can be used as a reference to create that of another
different point of view.

Using multi-layer simplifies the correspondence of keyframes by breaking a character
into simple layered objects. However, it is rather troublesome thus unreasonable to
require artists to draw every part of a character in different layers hence the method is

applicable to a limited kind of movements i.e. animations of paper-cut-out style.

2.3.6 Image Matching

As discussed above, establishing correspondence between keyframes is an important task
in inbetween generation. However, most aforementioned methods emphasize on the in-
terpolation problem and the process of matching usually assumes pre-specification or

requires user-specification.
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Xie [55] tries to establish the correspondence of feature points in the images by
comparing their characteristics such as curvature and distance between two neighbor-
ing feature points. Some experiments are made to apply the algorithm to handle affine
transformation inbetween generation. Zeng and Yan [93] propose an approach to region
feature extraction and region matching for cartoon image processing. By introducing the
inertia coordinate system, the features of regions which is invariant to translation, rota-
tion and scaling have been extracted. Fuzzy dissimilarity is used as a matching variable
in the optimal matching. However, none of these methods handle big changes which are
common in keyframes thus the applicability is limited.

Seah [72, 71| presents the Modified Feature-Based Matching Algorithm, MFBA, that
achieves complete automation in inbetween generation without any user-intervention.
It is derived from the Feature-Based Matching Algorithm, FBA [40], which treats the
images as samples of a scene taken at a discrete time and determines the motion of all the
pixels between two successive frames using multiple image feature correspondence. After
matching keyframe pairs, a Displacement Vector Field (DVF) is generated. Then the
DVF, comprising individual pixel displacement, is used to generate inbetweens. MFBA
introduces various features as matching tokens and makes several modifications to the
original FBA. However, this optical-flow-based algorithm is suitable for moderate changes
in two keyframes. It may not match accurately when the changes become drastic, which
limits the scope of application. In our research, we will investigate more information
from the images and adopt MFBA as the foundation of image matching. More details

will be given in Section 3.2.1.

2.3.7 Other Techniques

Most of the methods reviewed above lack 3D information thus can only handle limited
circumstances, primarily in 2D. Some preliminary efforts have been made to incorporate

3D information to enhance inbetween generation.
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In [26], approximate 3D models are employed to the production of cartoons. It aims
to retain volumes, shapes, and proportions of the objects and ensures frame-to-frame
coherence. Animators first sketch 2D circular and rounded forms as representations of
objects. Free form stroke techniques are used to create and modify the 2D objects.
Then the primitives are interpreted to automatically construct a 3D polygonal object of
revolution. Modifying 3D objects and performing affine transformations upon them are
also supported for creating new key poses without having to construct again. An object
is manually oriented to a desired posture and animators draw the outlines according to
the silhouette of the object as well as features and other details. Changing outlines in
specific keyframes and adapting them to the feeling and effects is also allowed to help
reach artistic goals. In this way, the approximate 3D models are used to guide animators
throughout various stages of the animation process for retaining volumes.

Some other research focuses on employing full 3D input models, which are rendered
and even animated in many different non-photorealistic styles. Rademacher [62] presents
a view-dependent model wherein a 3D model changes shape based on the direction it
is viewed from. The model consists of a base model and a description of the model’s
exact shape (key deformations) as seen from specific key viewpoints. Given an arbitrary
viewpoint, the deformations are blended to generate a new, view-specific 3D model.
However, animators still have to construct the base model and its deformations for each
key viewpoint which is undoubtedly time-consuming.

Some recent methods use active contour to vectorize the input video sequences [16]
or introduce 2.5D model [28] to generate inbetweens. Both methods require heavy user
interaction. In [28], non-photorealistic rendering (NPR) techniques can generate possibly
stylized cartoon using 3D geometrical model. However, the disadvantages are the needs
to create complicated 3D models and difficulties to achieve lively movement.

Although our work focuses on 2D approaches and 3D is not within the scope of our

research, it is a good direction to introduce 3D information in the future since it brings
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more information and will help solve the problem of occlusion and 3D rotation.

In all, existing auto-inbetweening systems and techniques mainly have the following
disadvantages. Crafting an animation with an automated inbetweening system could be
slow. Many systems require limitation of input keyframes. Even with recent advances
in algorithms, it remains difficult to match keyframe drawings without heavy user in-
tervention. Moreover, many techniques require troublesome user-intervention to control
the inbetweening process. Inputting and tuning simple inbetweens may take about the
same amount of time as drawing them by hand, which is inefficient. The results of
auto inbetweening are far from reaching the standard of real production. For purely
2D approaches, getting perspective right and retaining volumes and the overall shape of
the objects are major problems. Most methods do not consider information from the

drawings, such as structure or motion of the characters in keyframes.

2.4 Summary

In this chapter, we took an overview of traditional computer-assisted animation produc-
tion. Both the image-based and the vector-based methods play an important role in
industry nowadays and have their own advantages and disadvantages. Therefore it is
necessary to conduct research in order to solve the problems in both areas. Next we
made a survey of existing commercial 2D animation systems and various techniques of
inbetween generation. Current results of computer generated inbetweens do not meet the
standard of the real production. There are still many problems to solve both in keyframe
matching and interpolation. Our proposed approaches, which will be introduced in the
following chapters, aim to solve some of these problems. In image-based area, we aim

to solve the correspondence problem between keyframes with little user intervention. In
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vector-based area, we aim to solve different kinds of distortion problems resulting from

linear interpolation so as to preserve shapes and characteristics of strokes.
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Chapter 3

Inbetween Generation for Raster
Images

3.1 Introduction

Despite rapid development of computer-assisted cartoon systems, it is difficult for many
traditional animators to overcome their computer phobia. They are still used to drawing
frames by pencil and paper and then scanning their drawings into computer for further
processing like coloring and compositing. The techniques presented in this chapter aim
to tackle this case: to automatically generate the inbetweens given keyframes of scanned
raster images.

Image-based inbetween generation consists of two problems. One is to establish corre-
spondence between keyframes and the other is to interpolate the corresponded elements
to generate inbetweens. Many existing methods mentioned earlier in Section 2.3 only
work on the interpolation problem, which assumes or requires manual initial correspon-
dence between elements in the keyframes. Most methods which handle matching problem
involve heavy user-intervention when motion of characters is big. Some automatic cor-
respondence methods such as [55] only handle relatively similar keyframes. Therefore it
is not easy to apply these methods in real production.

Examining the motion of a character, it can usually be divided into global movements
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and [ocal deformations. In conventional inbetweening process, when the overall transla-
tion or orientation of the character in the keyframes is big, it will also be quite difficult
to directly draw the inbetweens. In this case, inbetweener adopts an approach of reloca-
tion to alleviate the drastic changes as shown in Figure 3.1. The two keyframes are not
aligned using the pegs on the light box as usual. Instead, they are overlapped with cer-
tain excursion so that the two moments of the character on the sheets come to the same
position. The register holes on top of the two sheets denote the transformation of the
two sheets. Then a new sheet for inbetween drawing is placed onto the light box with its
register holes in the midst of those of the keyframes, somehow like interpolating the two
keyframe sheets. Now that the images on the two keyframes get closer, it is easier to draw
the inbetweens. Similar method is applied for handling global 2D rotation. Sometimes
inbetweeners must do this several times for different parts of the character. For example,
if a character jumps and his arm also moves, inbetweener will first superimpose the body
to draw its inbetweens and then superimpose the arm to work on its inbetweens.
Inspired by the traditional method, we propose a novel approach in this chapter to
handle global and local motion respectively. We propose keyframe relocation to minimize
global motion and adopt Modified Feature-Based Matching Algorithm (MFBA) to tackle
local changes. For a complicated character, we propose a novel technique to segment
it into components and apply motion estimation for each component. In the following

sections, the details of the techniques will be elucidated.

3.2 Handling Local Deformation by MFBA

Modified Feature-Based Matching Algorithm, MFBA, is derived from the original Feature-
Based Matching Algorithm (FBA) [40] and advanced by Seah [72, 71] for matching

keyframe drawings and automatically generating inbetweens. The main point of MFBA
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= o = inbetween sheet

Figure 3.1: Conventional relocation method

is to estimate the Displacement Vectors, DVs, of the pixels in the two keyframes so that

the correspondence between two frames is established for interpolation.

3.2.1 Feature-Based Matching Algorithm

3.2.1.1 Motion Estimation in Image Sequence

Using the pixel intensities as constraints for motion estimation, the given image sequence

can be modelled as:

i(u) = i'(F(u)) (Eq. 3.1)

where i(u) is the intensity at point u in the current frame, i’ is the intensity at a point
in the next frame, F'(u) is a linear transformation function of image coordinates repre-
senting motion such as zooming, rotation and translation. When the motion is small

between frames, zooming and rotation can be approximated by translation. Taking F' as
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a translation, Eq. 3.1 yields
i(u) =4 (u+d) (Eq. 3.2)

Under this model, the intensity ' of the pixel at point u+d in the next frame can be
estimated from the intensity ¢ of the pixel at point u in the current frame. Only the
parameter d, the Displacement Vector (DV), is needed and the problem reduces to motion
estimation for all the pixels in the image.

Now the objective is to estimate the value of d. The model can be linearized using

the first order! Taylor series expansion of #’(u + d) about d:
i(u) =4 (u+d) =7(u) + Vi'(u)d" (Eq. 3.3)

where V is the usual multi-dimensional gradient operator. Defining residual of the in-

tensity 7; between two consecutive image at point u, Eq. 3.3 yields:
(i) Residual of the intensity
ri(u,d) =i(u) —i'(u+d) (Eq. 3.4)

Apart from pixel intensity, the algorithm also incorporates other features for match-
ing, i.e. the edgeness, 7., the positive cornerness, r,, the negative cornerness, r,,

the orientation smoothness, r, and the displacement smoothness, r,4.

(ii) Residual of the edgeness

re(u,d) = e(u) — €'(u+d) (Eq. 3.5)
Edgeness is defined as the magnitude of the gradient of intensity: e = ‘ %
(iii) Residual of the positive cornerness
rp(u,d) = p(a) — p'(u+d) (Eq. 3.6)

LAIl higher order expansions are ignored.
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(iv) Residual of the negative cornerness
rp(u,d) = n(u) — n'(u+d) (Eq. 3.7)

Corners are points where the gradient direction changes rapidly, and correspond to
physical corners of objects. The cornerness of a point may be defined by instan-
taneous rate of change in the gradient direction along an edge curve that passes
through the point. A sign is used to distinguish a corner of a white region in a black
background (positive cornerness) from that of a black region in a white background

(negative cornerness).

(v) Residual of the orientation smoothness

|d x d| :
ro(u,d) = ‘HTﬂl = ||d|| sin® (Eq. 3.8)

This is essentially the magnitude of the cross product between the displacement
vector d and the average displacement vector d, where € is the angle between the
two vectors. It is a measure of the angle between the two vectors. When both

vectors are in the same directions, their cross product is zero.

(vi) Residual of the displacement smoothness
ra(u,d) = ||d(u) — d(u)|| (Eq. 3.9)

This is a measure of the magnitude of the difference vector between the estimated

displacement vector and the average of its neighboring vectors.

The vector d is to be determined so that the weighted sum of squares of the residuals
1s minimized:
Z{)\ir?(u, d) + Ari(u,d) + )\p'r’f,(u, d) (Eq. 3.10)
A2 (a,d) + Aor2(u,d) + A\gri(u,d)}

— min
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where A\;, Ae, A\p, A\, Ao and Ay are weighting parameters that are dynamically adjusted at
different resolution levels.

Defining

T = (14, Tes Ty Ty Tos Ta] - (Eq. 3.11)

and

A = diag { A, Ae, Aps Ay Aoy A} (Eq. 3.12)

which is the diagonal matrix with the corresponding diagonal elements, all the residue

equations in the form of Eq. 3.4 can be noted as:

Ar = AJéd (Eq. 3.13)
where J is the Jacobian matrix:
- 01 oY ]
oz oy
¢’ oe’
ox oy
o’ op’
J=1| 8 (Eq. 3.14)
ox Oy
Ay da
+ dy
g
| Oz oy J
and
od=d-d* (Eq. 3.15)

where d* denote a nominal value of d.
Starting with an initial estimation of a zero vector, d, the DV can be iteratively

updated by the following formula derived from Eq. 3.13:

od = (JTA23) " JT A%

Eq. 3.1
d—d+éd (Eq. 3.16)

until no further reduction in error is observed.
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3.2.1.2 Hierarchical Processing

A common problem for most search methods applied to image-to-image matching is the
initial value problem. Since the evaluation function can be highly non-convex, the search
method either needs good approximate values for the best mapping or needs to try out
many different initial values in order to find a global optimum.

A hierarchical approach is applied to get the initial value of estimation. It derives
series of increasingly smoothed images from the original images and uses these images
or features detected in them for the matching. A pile of such increasingly smoothed and
compressed images compose an Image Pyramid. The lowest level is the original image
resolution. From level to level, the resolution and the size of the image is reduced and the
image features are correspondingly brought closer together. Hence it will be relatively
easy to find the optimal match.

The match of two smooth descriptions then supplies the initial values for the matching
of two descriptions on the next level of resolution. This process is applied recursively
to the series of image descriptions until the original unsmoothed descriptions can be

matched using very good approximate values.

3.2.2 Modified Feature-Based Matching Algorithm

Seah [72, 71| makes several modifications and improvements to the original FBA. The
modified algorithm, termed Modified Feature-Based Matching Algorithm (MFBA), im-
proves upon the accuracy of matching by incorporating new mechanisms as well as en-
hancing the original algorithm. The various attributes, extracted from different types of
features, invariably have different strength and ranges of values. All the different resid-
ual errors related to the attributes are normalized to the same scale by applying a set
of weightages to them, cf. (Eq. 3.11). Respective weightages for the various constraints

can be adjusted to reflect the relative importance of each attribute over the others. In
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essence, the magnitude of the weights is not important, only the ratios of the weights
among them are. From extensive experiments conducted for MFBA, a set of weigh-
tages is proposed that will cater for a wide range of input images to be processed, both
line drawings and gray scale images. The general sets of weightages used for the gray

scale images and line drawings are £, = {3333 22} and £; = {44 44 9 9} respectively.

The overall matching algorithm can be summarized as follows:

(i) Extract the attribute images (intensity, edgeness, and cornerness) from the two

input drawings at the original resolution (lowest level).

(ii) Recursively smooth these images for higher levels to generate lower resolution im-

ages.

(iii) Start with the highest level.

(iv) Initialize displacement vectors (DVs) at all pixel locations to zero.

(v) Iterate for a preset number of times, for all pixels.

(a) Compute the average DVs and hence the orientation and displacement resid-

uals.

(b) Compute and update the DVs.

(vi) Project the DVs downwards to the next lower level.

(vii) Set the level to the next lower level.

(viii) Repeat step (v) until the lowest level is reached.
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All the DVs of pixels in the image compose the Displacement Vector Field, (DVF).
Figure 3.2 illustrates two keyframes of a bear and the DVF obtained by matching them.
The red DVs are superimposed on the source drawing, i.e. the first keyframe. Though
every pixel of the drawing is associated with a DV, only a subset of the vectors are

sampled at a regular interval for display.

Keyframe 1 DVF Keyframe 2

Figure 3.2: DVs between two keyframes computed by MFBA

3.2.3 Inbetween Generation by Interpolation

Based on DVF obtained from two keyframe drawings, linear inbetweening can be applied

with complete automation. The general steps are as follows:

(i) Establish the DVF between the source and the target frames using MFBA.

(ii) Use linear interpolation to divide each DV from the DVF into the pre-set number

of parts, that is, sub-DVs;

(iii) For each pixel in the source image, move it to its destination position in the inbe-

tween frames, guided by the corresponding sub-DVs, dg;, as follows:

P;(m) = Py(n) + dgup(n) m,n=1,2...M (Eq. 3.17)
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where P;(m) and P,(n) denote the m'* and n'" pixels in the inbetween image and source
image, respectively. M is the total number of pixels of image, which remains constant in
each pair of source and target images and their inbetweens. J;ub(n) denotes the sub-DV

associated with the n'* pixel in the source image.

3.2.4 Handling Occlusion

Occluded areas can be determined as proposed by Weng et. al. in [40]. Each point in the
occluded areas is identified when no match for the point can be found in the corresponding
image. The source occlusion map is generated by matching the destination image to the
source image. Points where matches are found in the source image are marked as non-
occluded locations. Those points not marked in this manner are therefore occluded. In
the same way, the destination occlusion map can be constructed by matching the source
image to the destination image. Hence, computation is increased by two fold when
occlusion is to be resolved as an addition step has to be taken to match the destination
image to the source image.

Once the occlusion maps are determined, in subsequent matching, points that fall
in the occlusion area will not be considered. The DV therefore takes the value of the
average DV at that location. In the same vein, occluded points will not contribute to
the computation of average DV in a local vicinity. The occlusion maps are updated as

the matching process continues.

3.2.5 Analysis

Compared with other existing methods that need an operator or designer to interact with
or manually specify parameters into the system, MFBA achieves automatic inbetweening
without any user-intervention. It handles a wide variety of cases, both line drawings and
grayscale images, and it generates accurate result when the changes between keyframes

are moderate.
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Now let us examine an example with rather big change. In Figure 3.3, the two
keyframes illustrate motion of a hand holding an ax. The intermediate four frames are
inbetweens generated using MFBA. Obvious line distortion and jumping motion can be

noticed in the inbetweens.

Keyframe 1 Inbetweens Keyframe 2

Figure 3.3: Inbetween generation using MFBA

The problem is due to the intrinsic limitation of MEFBA. When establishing the image
sequence model, it is assumed that the motion is not large so that zooming and rotation
can be approximated by translation as shown in Eq. 3.2. The approximation of first-
order Taylor expansion of #(u + d) in Eq. 3.3 also suggests it is tenable with small
motion because only when the displacements d is small can all higher order expansions
be ignored. This is the common limitation of optical low based methods. However, if all
global motion is minimized, the condition of the formulas is met and MFBA will generate

accurate matching result. Our proposed approach in the next section achieves the target.

3.3 Handling Global Motion by Keyframe Reloca-
tion

When the character involves big global changes e.g. translation and rotation, MFBA may
not match accurately between two keyframes. To overcome the problem, we propose an
approach to relocate keyframes in order to minimize global changes. In our approach,

the poses of the character in the keyframes are first estimated. The keyframes are then
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relocated by registering the poses. Inbetweens of the relocated keyframes are generated
using MFBA and are back-transformed to the proper positions by interpolating the poses.
It is assumed that a keyframe only contains a single character. This is reasonable since
different characters are usually drawn in different layers in traditional animation for easy

modification, as we described in Section 2.1.1.

3.3.1 Pose Estimation

A character usually has many parts, each of which is approximately rigid, e.g. head,
arms, legs, etc. We first apply our approach to such a part, referred to as a single object.
Given two keyframes depicting the rigid movement of a single object, we first evaluate
the approximate pose of the object using Principle Component Analysis, PCA [18].

Principle components can be used for describing boundaries and regions in a single
image. The approach is to form two-dimensional vectors from the coordinates of the
boundary of region. Vectors are formed from the coordinates of the pixels in an object if
the region is to be described. It the boundary is to be described instead, only the coordi-
nates of the points on the boundary are used. In our case, we use principle components
to describe the boundary of a character only. Each pixel in the object is treated as a 2-D
vector x = (a,b)”, where a and b are the x- and y-coordinate values of that pixel. These
vectors are used to compute the mean vector and covariance matrix of the object.

As shown in Figure 3.4, for a rigid object, PCA gives a good evaluation of its pose i.e.
the location, orientation and magnitude. The coordinates of the mean vector indicate the
centroid or the location of the object. The two axes are the directions of the eigenvectors
of C, showing the object’s orientation, and the eigenvalues are the variances along the
axes denoting the object’s size. Accordingly, the effect of translation is accounted for
by centering the object about its mean. Rotation can be solved by aligning the object

with its principal eigenvectors. The eigenvalues can be used for scaling. From these
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parameters, the global motion of the object can be estimated. The magnitude obtained

by PCA may be used to handle situations where a character is zoomed in or out in

subsequent keyframes.

e

Keyframe 1 Keyframe 2

Figure 3.4: Pose estimation using PCA

3.3.2 Keyframe Relocation

The next step is to relocate the character by transforming the two keyframes to minimize

the global changes. Obtaining the approximate pose of the object in the two keyframes

as described in Section 3.3.1, the keyframes are transformed to make the object move

to the same position with the same orientation and magnitude. We use the example

with translation and rotation only. Scaling can be handled similarly. Suppose the pose

parameters obtained are : (centery, 6,) for keyframe 1, and (centers, 02) for keyframe 2,

the following transformation is applied:

For keyframe 1:

centery — center;
5 )

Rotate( b2 — b1

,centery) - Translate(

For keyframe 2:

centery — centers
2

0, — 0
Rotate(——=

)

,centers) - Translate(

39
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(Eq. 3.19)
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Rotate(0, p) denotes rotation of angle 6 round point p. Translate(l) denotes translat-
ing a point by [. Rotation is performed before translation. The result is shown in Figure

3.5.

Keyframe 1 Keyframe 2

Figure 3.5: Relocated keyframes in Figure 3.4

It can be seen in Figure 3.5 that by transformation, the arms in the two keyframes
not only move to the same position in the canvas, but also point to the same direction.
Applying PCA now will result in the same coordinates of the mean vector and the same
directions of the eigenvectors. This indicates the global change is minimized. Hence the
frames after transformation look almost the same. Local deformation is relatively small
after transformation which satisfies the principle of MFBA thus the matching result is

more accurate.

3.3.3 Pose Restoration

Now MFBA can work effectively on the local deformations. The result is shown in Figure
3.6 where four inbetweens are generated.
Next we need to restore the proper pose of the object in the inbetweens. Suppose n

inbetweens are generated. For the i'" inbetween (i = 1,2, ...n), the following transforma-
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e Bor Bom Bam B B

Keyframe 1 Inbetweens Keyframe 2

Figure 3.6: Inbetweens of keyframes in Figure 3.5 generated by MFBA

tion is applied:

n+1, 6, — 0y center; + centersy

tate((z — . Eq. 3.2
Rotate((i 5 ) SRR 5 ) (Eq. 3.20)
. n—+1, centery — center;
T lat — .
ranslate((i 5 ) 1 )

The final result is shown in Figure 3.7. Figure 3.8 shows the overlapped sequence for

better view of the motion.

Keyframe 1 Inbetweens Keyframe 2

Figure 3.7: Final inbetween result by pose restoration

Figure 3.9 shows another example comparing the results of applying MFBA only and
applying global motion minimization. Figures 3.11, 3.13, and 3.12 show more results of
generated inbetweens by global motion minimization. It can be seen that global motion
is smoothly interpolated while local changes are also handled well, such as the hair and
the dress of the girls and the wings of the bird. When relocation is applied, the keyframes
are first transformed so that the global rotation is minimized thus the typical shortening
problem in rotation is also minimized. Therefore, during each step of the method, the

shape of the object is well retained.
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Figure 3.8: Superimposed frames in Figure 3.7

A major problem of pose estimation lies in determining the orientation using PCA.
For instance, the face in the first keyframe in Figure 3.14 stretches in the second keyframe,
where the results of PCA do not match. Advanced comparison scheme should be applied
to evaluate the possible correspondence and choose the best matching, e.g. the charac-

teristics of regions and the relationship between regions. This is another kind of high

> > > N NN

Keyframe 1 Inbetweens Keyframe 2
(a) MFBA
Keyframe 1 Inbetweens Keyframe 2

(b) MFBA + global motion minimization

Figure 3.9: Inbetween generation results: fish
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Inbetweens

(a) MFBA

Keyframe 1 Inbetweens Keyframe 2

(b) MFBA + global motion minimization

Figure 3.10: Inbetween generation results: girl

Inbetween 2 Inbetween 3 Inbetween 2 Inbetween 3

(a) MFBA (b) MFBA + global motion minimization

Figure 3.11: Detail comparison of Figure 3.10
(Main distortion circled)

level information which may be further researched in the future.

43



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 3. INBETWEEN GENERATION FOR RASTER IMAGES

Keyframe 1 Inbetweens Keyframe 2

Figure 3.12: Inbetween generation results: bird

s

Keyframe 1 Inbetweens Keyframe 2

Figure 3.13: Inbetween generation results: swinging

Keyframe 1 Keyframe 2

Figure 3.14: Problem of determining orientation

3.4 Inbetween Generation Based on Character Seg-
mentation

Our current algorithm takes the overall location and orientation of the character into ac-

count and thus minimizes its global changes. When various parts of the character involve
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different drastic changes, it cannot be directly handled by global motion minimization.
For instance, when a person stoops down, his upper body rotates sharply while the lower
part remains almost still. In this case, no matter how the keyframes are relocated, the
changes remain large. However, the components e.g. head, arms, torso and legs, remain
approximately rigid during the movement. In traditional animation, when this happens,
the common practice is to draw the different parts respectively, each using the relocation
approach.

Similarly, the aim of our computer-assisted approach is to break down the charac-
ter into components which are consistent with the structure of the character thus can
be regarded as approximately rigid. It is difficult to achieve this using existing image
segmentation methods based on image features e.g. gradient or edge detection, since no
structural information of the character is taken into account. Here we propose a novel
technique for character segmentation based on skeleton of the character. After appropri-
ate segmentation, same components in the keyframes are corresponded using a matching
scheme. Then each component can be treated as a single object and handled separately

using the approach we proposed in Section 3.2 and 3.3.

3.4.1 Skeleton Extraction

To appropriately segment a character into several approximately rigid components, we
apply a method of skeleton representation. A skeleton is used for image representation
in a compressed form while abstracting the complicated underlying transformations. It
captures the overall frame of the complex character by using a simple set of parameters
and eliminates the details. In 3D animation, skeleton technique is commonly used for such
purpose. For 2D animation, in some previous work [58, 48, 54] a user-defined skeleton is
manipulated to drive inbetween sequences. In our approach, skeleton representation is

used to assist appropriate segmentation.
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3.4.1.1 Gap Closing

We will extract the skeleton according to the boundary of a character. In keyframes of
line drawings, the contour of a character usually forms a closed region. It is critical and
compulsory for the next production procedures such as coloring. Coloring can only be
applied successfully for closed regions. If a region is not closed, the applied color will
'leak’ out of the region. However, some small gaps of broken lines can be introduced
either from the scanning process or from original line drawings due to the nature of the
artist’s style of drawing. To resolve the problem, Seah’s gap-closing algorithm [70] is

applied to bridge broken lines.
3.4.1.2 Boundary Tracing

To cover a wide range of input images, including line drawings as well as color images,
the classic border tracing algorithm [52] is adapted to our application. The main steps

are as follows:

(i) Search the image from left to right and from top to bottom until a non-background
pixel is found; this pixel P then has the minimum row value of all the contour pixels.
Pixel P, is the starting pixel of the contour. Define a variable dir which stores the
direction of the previous move along the contour from the previous contour element
to the current one. For 8-connectivity, dir is set as shown in Figure 3.15. The initial

dir is pre-set to zero.

(ii) Search the 3x3 neighborhood of the current pixel in a clockwise direction, beginning

the neighborhood search in direction:

dir = (dir +3) mod 8 (Eq. 3.21)
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Figure 3.15: Direction definition of 8-connectivity

The first pixel found with non-background value is a new contour element P,.

Update the dir value.

(iii) If the current contour element P, is equal to the first contour element P,, stop.

Otherwise repeat step (ii).

Figure 3.16 illustrates the route of the contour tracing.

Figure 3.16: Route of contour tracing
(The solid lines show the tracing route; the dashed ones show the starting dir of the
current step based on the previous one.)

Since we assume one character in one frame, this algorithm traces the character
contour over and represents it by a sequence of pixels Fy...P,_1.
The algorithm is applicable on the following conditions:

(i) The boundary of the character must be closed.
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(ii) The first pixel found must belong to the boundary rather than some noise stroke.

The conditions can be met by the pre-processing of the input images described in the

previous section.
3.4.1.3 SUSAN Thinning

The skeleton of a character can now be obtained by thinning. The interior details inside
the boundary are removed by the scan line seed fill algorithm [66]. SUSAN thinning algo-
rithm [51] is applied. SUSAN is an acronym for Smallest Univalue Segment Assimilating
Nucleus. It is originally proposed for binary thinning, which is applied to edge images.
The thinning rules of the algorithm are summarized in [51], which are simple and fast to
carry out, requiring only one pass through the image. It ensures one-pixel thickness and

connectivity of the resulting skeleton. Figure 3.17 shows the process step by step.

. %%

(a) Original keyframes ) Contour tracing
) Interior removal d) Thinning

Figure 3.17: Skeleton extraction
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3.4.1.4 Skeleton Smoothing

It can be noticed that the skeleton in Figure 3.17(d) contains a large number of artefacts.
Since we assume the major components e.g. the head, the arms, the torso and the legs,
to be roughly rigid, the artefacts are redundant. They will only lead to trivial parts when
segmenting the character and greatly increase the complexity of matching between two
keyframes. There are also some undesired holes in the skeleton, as magnified in Figure
3.17(c), which cannot be removed by a general pruning process.

To solve the problem, we take the following steps. After the boundary of the original
image is traced, the boundary image is first reduced in size thus smoothed. In this way,
the result will have fewer artefacts after SUSAN thinning is applied. The thinning also
performs faster now that the size of image is reduced. An iterative pruning process
follows to further trim off the artefacts. The skeleton in reduced size is then enlarged to
the original image size. Additional thinning is applied to guarantee one pixel thickness,
which is required for branch tracing in the next step. Iterative pruning is also applied
once more to the enlarged skeleton until the length of all branches exceeds a pre-set
threshold based on analysis of broad samples of real drawings in animation production.
Figure 3.18 shows the final skeleton. Notice the numbers of branches are not necessarily
the same for two keyframes. There is slight difference between this skeleton and the
one obtained directly using SUSAN thinning to the original image, but it is adequate to

capture the approximate structure of the character for our use.

3.4.2 Character Segmentation

3.4.2.1 Branch division

The skeleton obtained from thinning is a raster image and need to be traced and divided

into branches of sequential points. The Depth-first search algorithm is adopted. Defining:

e junction point - a point with more than two neighboring points; and
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Figure 3.18: Smooth skeleton

e end point - a point with only one neighbor;

the search starts from any one of the end points and traces down the neighboring points.
Once a junction point is encountered, the searched points will be grouped as a branch. Fi-
nally the whole raster skeleton is searched and divided into n branches: {By, By, ..., B,_1}.
Each branch B; is composed of m; pixels in order: B; = {p{, pi,...,p,, _1}. Figure 3.18

shows the result with the branch indices.
3.4.2.2 Component Segmentation

The next step is to decompose the character into components based on the skeleton.
For each non-background pixel P; in the image, its distance D;; to the branch B, is
calculated. Suppose there are m branches in the skeleton. We calculate the distance
from P; to each branch: D, D;1, ..., D;.,. P; will be associated to By to which the
distance Dy, is the smallest. In this way, each non-background pixel will be associated
with a branch of the skeleton and the original image is segmented into m components

accordingly.
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The result of segmentation is illustrated in Figure 3.19. The character is split for

clearer view.

3 &

Figure 3.19: Skeleton-based segmentation

3.4.3 Skeleton Correspondence

To correspond the branches indicating the same components in the keyframes, we propose
a graph matching algorithm, which is similar to some existing methods [75, 56] but

directly matches the branches instead of nodes.
3.4.3.1 Attributes of A Graph

Neighboring relationship of the branches is selected as a feature for matching because in
most cases of a character’s movement, the topology of the components i.e. the relations
among head, neck, torso and two arms of the character, remains relatively stable. For
each end of a branch B;, the index of every neighboring branch counterclockwise is
recorded. We utilize this feature to select the matching candidates at every step.
Another feature of matching is the length of the branches. Since each component

is reduced to a branch of the skeleton, the length of the branch indicating the same
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component should remain roughly the same. The length difference of two corresponded
branches will be calculated to evaluate a match. The aim is to find a match in which the
total difference in branch length is minimized.

If the numbers of branches in two keyframes are not the same, the one with fewer

branches is always regarded as the source graph Gg,. and the other as the target Gg.
3.4.3.2 Graph Matching

Generally, longer branches represent main components and are more steady between
keyframes than shorter ones. Accordingly our search for a match starts with the longest
branch B;™ in G,.. The candidates in Gy, are put into a stack, among which the longest
branch B,igt will be taken as the current match to B;™ and the difference of their length
is computed as d;. Then the ordered neighboring branches of both B and B,tcgt are put
into stacks as candidates. The first branch in each stack are taken out and matched. The
difference of their length ds is cumulated. The process continues until all the branches in
Gsrc find a correspondence in Gyg or there is no candidate left in Gyg. This constitutes
a single pass in which a total length difference of the matched branches is obtained:
Dypassy = D+ d;. During the process, there may be more than one candidate in Gy
for current branch in G,,.., thus the steps can be traced back to result in new passes.
In case the topology of branches is not the same in the keyframes, candidates which are
not among the neighbors of currently matched branches are also allowed. A best match
is found when D, is minimized. For the skeleton in Figure 3.18, the best matching
result is

0=1,1=0,2=3,3=44=55=2.

The size of the original images is 350x400 pixels. The smallest difference of branch
length is 971 pixels. The direction of matching is also recorded indicating which ends

of the branches match to another. Since each branch is related to a component, the
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components in two keyframes are thus matched accordingly.

The overall steps of character segmentation and matching are as follows:

Extract the skeletons from the original frames;

Divide the skeletons into branches;

Segment the character into components according to the branches;

Match the branches in two keyframes.

3.4.4 Interpolation Based on Segmentation

To estimate and minimize the global movement of each component, a branch B; is ap-
proximated by a straight line linking the two ends p{, and p!, ;. A global transformation
from the source component to the target one can thus be calculated and the components
in the two keyframes are relocated to minimize the global movement, as illustrated in Fig-
ure 3.20(a). Since the motion between the keyframes becomes smaller which satisfies the
evolution of the equations in Section 3.2.1, MFBA will give more accurate motion esti-
mation and generate smoother inbetweens as in Figure 3.20(b). After the inbetweens are
generated, they are back-transformed in an interpolative way in order to be re-positioned
with the right pose, as shown in Figure 3.20(c).

The inbetween result of the keyframes in Figure 3.17(a) is shown in Figure 3.21(b),
compared with the previous result using MFBA only in Figure 3.21(a). In each sequence,
the first and the last are the two keyframes. The intermediate four frames are inbetweens
generated. It is obvious that the motion of the character’s various components is inter-
polated more smoothly.

Another example of line drawing has been tested as shown in Figure 3.22 and 3.23.

When calculating the shortest distance from pixels to branches, there is no pixel whose
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PN

(a) Components in original keyframes (b) Relocated components
Keyframe 1 Inbetweens Keyframe 2

(c) Inbetweens of relocated keyframes

//M\_,\.\

Keyframe 1 Inbetweens Keyframe 2

(d) Restored inbetweens

Figure 3.20: Global motion minimization

distance to branch 1 is the shortest in keyframe 1. Therefore segment 1 in keyframe 1 is
empty and not depicted in Figure 3.22(c). The best matching result is
0=0,1=22=13=34=55=4,6=6.
Two more examples are illustrated in Figure 3.24 and Figure 3.25. From all the
results, it is obvious that the motion of the inbetweens is smoother and the shapes of

various components are well retained.
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KN

Keyframe 1 Inbetweens Keyframe 2

(b) Global motion minimization as single object

/3\ ﬂf\ j‘ j\ j\ %'
Keyframe 1 Inbetweens Keyframe 2

(b) Segmentation-based global motion minimization

Figure 3.21: Inbetween generation results: puppet

3.4.5 Gap Filling

The problem of Figure 3.21 is some gaps around the joints in the inbetweens, which can
be noticed more clearly as zoomed in in Figure 3.26.

Suppose we have two keyframes K; and K5 and the DVs computed using our methods
proposed in previous sections. Now the DVs will be used to generate inbetweens, e.g. I,,,.
Two adjacent pixels P; and P; which are segmented into different components in K; may
not be neighbors in [,,, as shown in Figure 3.27. Consequently a gap occurs between P;
and P; in I,,,. Line drawings are only comprised of strokes without regions of greyscale
or color thus there are no distinct gaps. The problem is more noticeable in greyscale or
colored images such as Figure 3.26.

In current method, inbetweens of each component is generated independently without

considering its relationship to others. No constraint is forced upon adjacent segments to
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(b) Smooth skeleton
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(c) Skeleton-based segmentation

Figure 3.22: Skeleton extraction and character segmentation: roadrunner
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Keyframe 1 Inbetweens Keyframe 2

(b) MFBA + global motion minimization

Figure 3.23: Inbetween generation results: roadrunner

Keyframe 1 Inbetweens Keyframe 2

(b) MFBA + global motion minimization

Figure 3.24: Inbetween generation results: boy

maintain continuity and ensure smoothness in intermediate frames automatically gener-
ated. Thus the discontinuity of the movement of neighboring pixels around the joints
produces gaps. Each gap is a consequence of a jump of the values of two neighboring

DVs. Thus, gaps can be detected by detecting the jumps of adjacent DVs in the DVF.

Keyframe 1 Inbetweens Keyframe 2

(b) MFBA + global motion minimization

Figure 3.25: Inbetween generation results: fireman
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Figure 3.26: Gaps between joints of segments

(0,0)
Sourge square unit
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P,

Destination quadrangle

Figure 3.27: DV jump detection

To handle the problem, we apply the DVGI, DV-guided interpolation, proposed in
[36]. The algorithm is based on DVs between two raster keyframes, which are used to
generate intermediate frames. With the guidance of DVs, the algorithm classifies the gaps
into several categories and handles them accordingly. A 2x2 square window is moved on
the source image, e.g. K;. The square is made up of 4 adjacent pixels and after moving

to their new positions in the target image e.g. I,,, they form a new quadrangle. It may
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be stretched or squeezed to yield irregular quadrangles. A stretched quadrangle contains
gaps and is taken as the unit of gap filling. Every square unit in K; is scanned and each
resulting stretched quadrangle in I,,, will be filled by a brute force gap filling method that
eliminates every kind of gap in it. For a pixel on the edges of the quadrangle or inside

it, it color is calculated by the weighted averaging of the four vertices of the quadrangle:

( s Rj
970 d;
3 1
7=0d; ;
3 j
3=0d; ;
i = =3 1 (Eq. 3.22)
I=0d; ;
3 B
_ 2= di,j
i T3 1
\ 3=0 d; 5

Jas]

Q

Q)

s

where R;, G; and B; are the color channel values used to fill a pixel. R;, G; and B;
are the values of the vertices of the quadrangle. d; ; is the distance between the j™ vertex
and the i"* pixel to be filled.

Quadrangles could also be overlapped in I,,, i.e. gap pixels belonging to the quad-
rangle currently being scanned might have already been filled by a previously processed
quadrangle. To handle the issue, the reliability of filling pixels is classified into 7 levels.
It ensures a newly computed color value of a gap pixel with a higher reliability level
overrides the older one with a lower level. This mechanism is developed to increase the
accuracy and reliability of gap filling. The algorithm ensures 100% gap-filling coverage.
In the end, a gap-free image is guaranteed.

The final inbetween result is shown in Figure 3.28 and Figure 3.29.

3.5 Summary

In this chapter, we proposed several techniques to solve the problem of inaccurate
keyframe matching in the area of image-based inbetween generation. We first proposed

a novel technique to handles global and local motion of a character respectively. To
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Keyframe 1 Inbetweens Keyframe 2

Figure 3.28: Frames in Figure 3.21 after gap filling

Figure 3.29: Parts in Figure 3.26 after gap filling

tackle global motion, approximate pose of the character in each keyframe is estimated
and global motion is computed accordingly. The keyframes are then relocated to mini-
mize the global motion. To handle local motion, MFBA is applied, which estimates the
motion of pixels using various image features. Our approach achieves automation and
can cope with a wide range of cases in image matching, both for line drawings and gray
scale images. For a complicated character, we proposed a technique to segment it into
components based on its automatically extracted skeleton. Then graph matching is ap-
plied to match the skeleton branches as well as the components in successive keyframes.
Our first technique proposed in this chapter is subsequently applied to each component
and handles its global and local motion respectively. A gap filling scheme is applied to
remove gaps around the joints of components. The results show promising improvement

in accuracy of keyframe matching and smoothness of the generated inbetweens.
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Chapter 4

Inbetween Generation for Vector
Representation

4.1 Introduction

The techniques in animation production develop rapidly, in which vector-based anima-
tion is becoming increasingly popular in industry. It has several advantages over tra-
ditional animation drawn on paper. Vector-based drawing facilitates easy modification
and correction. It supports free scaling without quality loss, which makes the produc-
tion independent of output resolution. Thus it is suitable for high definition animation,
which is a trend for animation industry. In addition, vector form reduces storage greatly,
compared with huge piles of drawings on paper or larger size of raster images. Therefore,
it is easy and efficient for transfer, which is very important to current industry where
cooperations cross over the world.

There are mainly two approaches of stroke representation among existing vector-based
animation systems. One is to use curves to represent strokes of constant width. This
limits the drawing of animators and the drawings may look non-artistic, mechanical or
even dull. The other is to use regions representation, which is general and can represent
a wider ranges of strokes, including those with variable width within the same stroke.

However, it is difficult to handle inbetween generation using the representation, because
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interpolating two regions requires significant amount of knowledge on how various parts
of the two regions are corresponded.

A novel representation of strokes, disk B-spline curve (DBSC'), has been proposed in
(92, 90, 73]. Tt is efficient in storage, easy to manipulate and capable of mimicking various
styles of free drawing. When user draws on a digital tablet, a stroke is represented by a
DBSC in real-time. To create animations, two keyframes, each containing a set of DBSCs,
are given and inbetweens are automatically generated by interpolating corresponding
DBSCs. However, in previous method [90, 73|, linear interpolation is applied to points
evenly taken in parametric domain of two DBSCs. No properties of the drawing e.g.
shapes or motion of the character, are considered, which may result in distortion and
unrealistic motion in animation.

In this chapter we will investigate various effective information in the keyframe draw-
ings, extract it and employ it in inbetween generation, in order to handle the aforemen-

tioned problems.

4.2 Disk B-Spline Curves
4.2.1 Definition

A disk B-spline curve defines a region as well as its center curve. It is a generalization of
disk Bézier curve and can be used as an effective representation of freeform 2D shapes.
With rigid mathematical fundamentals, it is flexible for manipulation and deformation
and it uses small dataset. More details can be found in [92, 90, 73]. Similar approach is
proposed in [74] using an interpolatory interval spline curve defined by control shape to
approximate artistic brushstrokes.

Defining N ,(t) as the i"" B-spline basis [44] of degree p with knot vector:

(U0, vy U] = {0 Upi1, ooy Upy—p—1, ..., B} (Eq. 4.1)
p+1 p+1
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and a disk [45] in the plane:
<Pic>={reR}|r—c|<r,ce R*reR"} (Eq. 4.2)
a disk B-spline curve is defined as follows:
<D>(t)= iNi,p(t) < P;r; > (Eq. 4.3)
=0

where P; is the control point, r; is the control radius, and m =n +p + 1.

A DBSC can be viewed as two parts: a center curve (a B-spline curve) and a radius
function (a B-spline scalar function). Therefore most of its properties and algorithms
can be obtained by applying B-spline curve functions to the two parts respectively.

When a group of points {Q;}, (i = 0,...,m) on the central curve and their corre-
sponding maximum distances {c¢;} are given, a DBSC can be obtained by interpolation.
Its center curve passes these data points {Q;} and maximum radii are {¢;} . The knot
vector of a disk B-spline curve is determined using the chord length method. B-spline
curve interpolation and scalar function method are used to obtain DBSC interpolation
as shown in Figure 4.1. The curve can be either closed or open.

Given the data points and their radii in Figures 4.1(a) and (c), a smooth shape can
be represented using either an open or closed DBSC. For degree-three DBSCs which
are used in subsequent sections in this thesis, at least four data points are required for
interpolating a curve. With the flexible stroke representation of DBSC, user can directly

draw on a tablet and the strokes are in real-time represented by DBSCs.

4.2.2 Linear Interpolation

To illustrate the interpolation of two DBSCs more clearly, we assume the two DBSCs

have the same degree, number of control points and knot vector i.e.
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(a) Data points (The radii of two end points are 0)
(b) An open DBSC by interpolating the data points in (a)
(c) Data points (The top point is both the starting and the ending point)

(d) A closed DBSC by interpolating the data points in (c)

Figure 4.1: Disk B-spline curve

n

<Dy >(t) =Y Niylt) < Piry > (Eq. 4.4)
=0

< Dy > (t) = ZN%I’(t) < Qz; S; >
=0

The in-between DBSCs can be generated by interpolating < D; > and < Dy >’s
corresponding control points and radii. Given the control points P;, ); and the control

radii r;, s;, to get m in-between DBSCs by linear interpolation, the result is

Pz:(l_ i+1)_Pj+i+1 'Qj

J m+1 m+1

(Eq. 4.5)

i (1 ALy . il o
Tj_(l m+1) Tit st 0 Si

where 1 =0,1,...,m — 1.
When two disk B-spline curves have different degrees, the curve with lower degree is

converted into a higher degree curve through elevation algorithm.
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For two curves with different numbers of control points and knot vectors, different
approaches may be adopted for different situations. When user draws strokes on a tablet,
the density of recorded data points can be changed by adjusting the tablet properties.
If the density is high, the following approach is applied. The curve with more control
points, Sp, remains unchanged. Supposing S; has n control points and its knot vector is
Ty = [to, s tnsp] = {a,...a,tpi1, ..., th_1,b,...,b}, we compute points G; and radii e; on
the other curve Sy at ¢; (i = p,p+ 1,...,n). By interpolating G; and e;, a new curve,

5, of n control points and knot vector T} is obtained, which will be used to generate
inbetweens with S;. Since the sampling density is high, it is sufficient that S} is very
close to Sy and smooth intermediate curves can be generated. If the sampling density
of the tablet is low, the union of the two knot vectors of S; and Ss, T, is computed.
Points and radii on 7Tj, are computed for both S; and S;. Two new curves, S| and

%, are obtained by interpolating the computed points and radii and used to generate
intermediate curves. This approach guarantees that S| and S are close to S; and S
respectively and smooth interpolation can be achieved.

When two curves have the same numbers of control points but different knot vectors,
the same method of using the union of the two knot vectors as described above is used.

When creating animations, given two keyframe drawings composed of a number of
DBSCs, the inbetweens are generated by interpolating the corresponding pairs of DBSCs.
The correspondence is established by the order of drawing on the tablet or specified by

users. An example is shown in Figure 4.2, which is automatically generated using a

DBSC-based drawing system [90].

4.2.3 Nonlinear Interpolation

According to one of the essential animation principles ‘slow in and slow out’, linear

interpolation is far from adequate to simulate real life motions. It usually results in
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Keyframe 1 Inbetweens Keyframe 2

Figure 4.2: Inbetween generation using DBSC

dull and lifeless motion. In Figure 4.3, the motion is generated by linear interpolation.
Suppose n inbetweens are to be generated. When interpolating point P; in keyframe 1

and @); in keyframe 2, the corresponding intermediate point 7T; is computed based on

even intervals as follows:

Tf:(l—nil)-BJrnLH-Qi (Eq. 4.6)
o =
e xy K @“ P
SESNONO) () (7
Keyframe 1 Inbetweens Keyframe 2

Figure 4.3: Linear interpolation: jellyfish

When the resulting sequence is played, the character moves with a constant speed,
which looks very mechanical. In animation, a character usually moves with a variant
speed, which vividly mimics movement in real life. To achieve uneven changing of shape

and motion, the linear interpolation can be modified as follows:

Tf =(1—m)-Bi+m-Q (Eq. 4.7)

66



CHAPTER 4. INBETWEEN GENERATION FOR VECTOR REPRESENTATION

m controls both the shape and the position of the inbetweens and can be adjusted
by user according to the motion he wants to create. Flexible control is provided since
m can be of any value. For example, in Figure 4.4, m is set to { %, }l, % } for the three

inbetweens. This achieves the effect of ‘slow in fast out’.

Ry s P 2%
fe B e O

Figure 4.4: Nonlinear interpolation: jellyfish

In Figure 4.4, the shape and the position changes at the same rate, controlled by m.
There are also situations where more complicated movements are desired. For example,
an animator may want the shape of the object to change from slow to fast and the
position to change from fast to slow. To enable users to control separately over shape and
position, we first apply Eq. 4.7 to generate the intermediate frames. Then the elements

are translated based on the position parameters specified by animators.

4.3 Feature-Based Stroke Interpolation

The above modification provides more control over shapes and positions of the inbetweens
but does not solve all the problems. Figure 4.5 illustrates an example where linear
interpolation function fails to generate accurate result. The face silhouette is distorted in
the inbetweens. It is because points are evenly taken in parameter domain of two DBSCs
as corresponding points for interpolation thus some ‘critical’ points are not correctly
corresponded, e.g. the tip of the nose. Smoothness of lines is critical in animation

production and this kind of distortion cannot be accepted in real production.
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N R

Keyframe 1 Inbetweens Keyframe 2

Figure 4.5: Linear interpolation: facial silhouette

If a feature point exists in successive keyframes such as the tip of the nose in Figure
4.5, it should also exist in all inbetweens. In this section, we propose a feature-based
stroke interpolation method. Feature points are extracted on two strokes and the cor-
respondence is automatically established using a matching algorithm. The interpolation

method of two DBSCs is accordingly modified.

4.3.1 Feature Point Extraction

When drawing a stroke, a sequence of points along the trajectory is sampled by input
device, such as a digital tablet. To calculate the curvature at a point, the k-cosine
technique [34] is applied where the left and the right k' neighbors of a point are used to
calculate the angle at the point.

Defining the k-vectors at a point p; as:

i = (T; — ik, Yi — Yik) (Eq. 4.8)

—

bit = (Ti — Tigk, Yi — Yitk)

the k-cosine at p; is:

i, + bi
pip = 2k (Eq. 4.9)
| ik || bi|
Thus,
0 = cos " (pir.) (Eq. 4.10)
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where d;;, and gzk are respectively the vectors from p; to its left k" point and to its right
k" point, and 6 is the angle between @;;, and l;,k The sign of the angle is determined by
@i X byp. Feature points are defined as points with a small [6)].

In [33], two immediate neighboring points are used to calculate the angle at a point on
a curve, i.e. k = 1. It is sensitive to noise of small perturbation which is very common in
free-hand drawing hence the calculated angle is not accurate. To overcome the problem,
we adopt the method proposed in [37], which integrates the algorithm determining region
of support in [34] and the algorithm of corner detection in [25] to choose an appropriate
k in order to calculate a more accurate angle value.

For a selected point p;, the length of the chord joining the points p;_ and p; i is
defined as L(k). C)(k) and C,.(k) are respectively the contour lengths from p; ;. to p;,
and p; to pirg. Di(k) and D, (k) are respectively the lengths of the chords from p;_ to

pi, and p; to p;1x. Three conditions are used to determine k:

Ci(k)+C.(k)  Cilk+1)+C.(k+1)

Eq. 4.11
Lk Lk+1) (Eq. 4.11)
L(k) < L(k+1) (Eq. 4.12)
Ci(k) =D (k)
< 0.1
G) (Eq. 4.13)
Cr (k)= D (k) q. =
{ Towm o <

Figure 4.6: Curvature calculation
Start with £ = 1, repeat k = k+ 1 until neither Eq. 4.11 nor Eq. 4.12 are satisfied, or

Eq. 4.13 is not satisfied. Once k is determined, the angle 6 can be calculated. Based on
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experiments and investigation of drawings in real production, feature points are selected
of a 0 less than 140°. By applying the method, feature points can be correctly identified
as shown in Figure 4.7. Positive feature points are highlighted in red and negative ones
in green. The two ends of a stroke are also treated as feature points. Notice that the

number of feature points on two strokes are not necessarily equal.

(a) Stroke S (b) Stroke S,

Positive feature points are highlighted in red and negative ones in green.

Figure 4.7: Feature point extraction

4.3.2 Feature Point Correspondence

Given two strokes 57 and Sy, and the ordered feature points on them P = {pq, p1, pa, ...Dm }

and Q = {qo, 1, 92, ---Gn }, the best match can be found as the union of the following sets:
e Set A containing all matched pairs: {(po, q0), (Pir, @i )s (Pins @js) -+ (P @) }
e Set B containing all non-matched elements in P: {(px,, NULL), (px,, NULL)...}
e Set C containing all non-matched elements in Q: {(NULL, q,), (NULL,q,)...}
where

o )<y <ig < ... <M
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o 0<j1<j2<...<n;
e All p;. and py, are unique and their union is P;
e All g;, and ¢, are unique and their union is Q.

The conditions above guarantee that at most one feature point on a stroke is matched
to a counterpart on the other stroke and the order of feature points is preserved in
inbetweens. We assume the order of points on the two DBSCs is consistent when a user

draws on a tablet thus the two ends are always matched, i.e. (po,qo), (Pm,qn)-
4.3.2.1 Feature Normalization

In [33], angle and parameter costs are used to evaluate a match. Consider the following
situation. Given two strokes, among several feature points, each stroke has a point with
a sharp turning of opposite directions e.g. #; > 0, 5 < 0. Both 6; and 6, are small
angles. The two points look very different and should not be matched. However, since
the angles are small, |#; — 6] results in a low cost and the two points are likely to be
matched. To solve the problem, normalized curvature C(p;) and parameter cost P(p;)

are used, similar to the method in [33]:

1

5= - (m —angle) if (angle > 0)
) — 2
Clp) = { 2L - (=7 — angle) if (angle < 0) (Eq. 4.14)

C(p;) is within [—0.5,0.5] and any |C(p;) — C(g;)| is within [0, 1]. The parameter cost
P(p;) is within [0, 1] and any |P(p;) — P(g;)| is within [0, 1]. Thus the curvature cost and
the parameter cost have an equal influence in evaluation of matching.

For a single match (p;, q;) between two feature points p; in Sy and ¢; in Sy, the cost

function is defined as

cost(pi, q;) = 4 1€ = Cl@)l +[Pp) = Plg)l i (p: # NULL) and (q; # NULL)
Di, 4 ANULL if (pl- = NULL) or (q]' = NULL)

(Eq. 4.15)
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where Ayyrr is the cost of non-match, which is set to the maximum of 0.5 as a punish-
ment. This drives the matching result to be that as many feature points are corresponded
as possible since any non-match will result in a larger cost. The best match minimizes
the total cost function:

COST-Total = ) cost( p;, ¢; ) + > cost(py, NULL) 4+ > cost(NULL, q)

where (p;, ¢;)€ Set A, (py, NULL)€ Set B and (NULL, ¢,)€ Set C.

An efficient recursive algorithm is subsequently applied to solve the optimization

problem.
4.3.2.2 Feature point correspondence

The feature matching algorithm is defined as follows, matching two sequences of feature

points Py : {Pk, Pr+1, --Pm—1} and Q; : {q, Qi1 - Gn-1}:

Match ({pi i€ [k m-1]}, {qg|e[ln1]})
lfk=m-lorl=n-1 // found a solution
If k = m-1
// Set all remaining elements in list QQ; to non-match
fora=1I1tonl //inclusive
Set (NULL, q,)
Endif
Ifl =n-1
// Set all remaining elements in list Py to non-match
fora=ktom-1 //inclusive
Set (pa, NULL)
Endif

Compute COST-Total  // calculate the total cost of current matching
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If COST-Total < COST-BestMatch // update the best match
Set COST-BestMatch = COST-Total
Endif
Otherwise  // to find a match for py
Set (pr, NULL)  // case 1: py is matched to NULL
Call Match ({p; |ie[k+l, m-1]} {¢qg|je[ln1l]})
fora=1I1ton1l //inclusive
Set (pr, qu) // case 2: py is matched to q, (a =1,1+1,...n—1)
forb=1toal //inclusive
Set (NULL, )
Compute COST-Total // calculate current total cost
If COST-Total < COST-BestMatch  // if current total cost is smaller
// than the best match, go on with iteration; otherwise, abort current match
Call Match ({p; |ie[k+l, m-1]}, {¢qg|je[at+l,n1]})
Endif
Endif

For Figure 4.7, the best match is:

BestMatch = {<p07 q0)a (NULL7 91)7 (pla q2)a (an NULL)7 (p?)a q3)a (p4a Q4)7 (p57 Q5)7 (p67 QG)}

The minimum cost COST(S1,S7) is 1.48.
4.3.2.3 Ambiguity Of matching

While the matching algorithm is completely automatic and yields accurate results in
most situations, ambiguity may occur in some cases such as in Figure 4.8. Naturally,

there can be two matches:
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BQStMCLtChl = {(p07 q0)7 (pl; ql)a (an q2)a (p?n q3)a (p47 Q4)}

BeStMatChQ - {(pOa QO)a (pla NULL)7 (p27 NULL)7 (P3> ql)7 (NULL7 CJ2)> (NULL7 C]3)> (p47 Q4)}

q
P, P; 1 g,

p, 9o
0 P> q; q

(a) Stroke S (b) Stroke S,

Figure 4.8: Ambiguity of matching

Both results can be obtained with different A\yy . in the algorithm and both may be
considered correct mathematically. We believe it is more appropriate to let users choose

the one they desire in case of ambiguity.

4.3.3 Stroke Interpolation Based on Feature Points

Now the interpolation function is modified accordingly. Suppose two DBSCs and their
feature points are given, i.e. the control points: P; (i =1,2,...,m)and Q; (j =1,2,...,n)
and the feature points: P, and @, (k = 1,2,...l). For the data points of the first DBSC,

during interpolation, we use chord length for the knot vector, i.e.

UOZO
Eq. 4.1
{Ui = U1 + |Piy1 — B (Fa. 4.16)

For the data points on the second DBSC, the knot vector is determined by adjust-
ing the chord length through scaling so that these feature points are corresponded in

parametric domain.

’UOIO
Eq. 4.17
{szvj—1+|Qj+1—Qj|'Sj (Eq- 417)
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. _ X P - B
LY Qu — Q)

(Eq. 4.18)

for j =g+ 1,k +2,., k1 (k=1,2,...,0).

By applying the method above, the inbetween result of Figure 4.7 is illustrated in
Figure 4.9. Another two examples are shown in Figure 4.10 and 4.11. In comparison with
the previous method in Section 4.2.3, it is obvious that feature-based stroke interpolation

reduces distortion and shapes of strokes are better preserved.

R

Keyframe 1 Inbetweens Keyframe 2

Figure 4.9: Feature-based stroke interpolation: facial silhouette

4.4 Motion-Enhanced Inbetween Generation

4.4.1 Handling Single Object

The method proposed in Section 4.3 preserves features of single strokes. Another problem
occurs when a character has big motion, e.g. rotation. For example, the arms are short-
ened in inbetweens in Figure 4.11. Another example in Figure 4.12 shows a comparison
between the techniques we proposed here. Although feature-based stroke interpolation

preserves feature of the strokes in Figure 4.12(b), the overall shape is distorted since no
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Keyframe 1 Inbetween Keyframe 2

(a) Linear interpolation (Main distortion circled)
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Keyframe 1 Inbetween Keyframe 2

(b) Feature-based stroke interpolation

Figure 4.10: Inbetween generation results: chicken

global motion information is considered in interpolation. Figure 4.13 also illustrates a
similar situation where the left arm and the sword are shortened or distorted.

Both linear and non-linear interpolation are based on the spacial position of keyframes
without regards to the basic nature of movements especially for character animation. Now
we treat the inbetween problem as not just a geometric problem, but a motion between
two or more keyframes. We advance our proposed technique in Section 3.4 here, in which
the whole character can be divided into several approximately rigid components and thus
the transformation of each segment is a rigid motion through translation, rotation and
scaling. The global motion minimization technique can be adapted. By aligning the pose
parameters of the first keyframe to those of the second one, the two keyframes are regis-

tered to minimize the global motion. Figure 4.14(a) shows the result by applying global
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Keyframe 1 Inbetweens Keyframe 2

(a) Linear interpolation (Main distortion circled)
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Keyframe 1 Inbetweens Keyframe 2

(b) Feature-based stroke interpolation

Figure 4.11: Inbetween generation results: fireman
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Keyframe 1 Inbetweens Keyframe 2
) Linear interpolation
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Keyframe 1 Inbetweens Keyframe 2
(b) Feature-based stroke interpolation

Figure 4.12: Comparison of inbetween generation techniques: goldfish I

motion estimation to a single object in addition to feature-based stroke interpolation.

The method is also critical when user specifies a motion path along which the object
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TR e

Keyframe 1 Inbetweens Keyframe 2
(Main distortion circled)

Figure 4.13: Linear inbetween generation: fencing

Keyframe 1 Inbetweens Keyframe 2
(a) Motion-enhanced interpolation based on Figure 4.12(b)

(b) Path-driven inbetween generation based on (a)

Figure 4.14: Comparison of inbetween generation techniques: goldfish II

moves. To obtain a rotating effect rather than simple translation along the path, the
global motion of the given two keyframes is estimated and a sequence of inbetweens
are generated with minimized distortion. The tangent at any point on the path can be
computed. Thus the inbetweens can be transformed so that the global pose is aligned
with the tangent of the points on the path. A path can be represented by any spline curve.

In our approach, we simply use DBSC for consistence. If the user provides a sequence of
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points, we can obtain a path through interpolation or approximation of DBSC. Figure

4.14(b) shows the final sequence.

4.4.2 Hierarchical Structure

As discussed in Section 3.4, the motion of a character is usually more complicated.
Various components will undergo different motion thus motion estimation should be
applied to each component. No matter how a character moves, its structure normally
remains unchanged.

We advance the approach proposed in Section 3.4. Firstly the skeletons of the charac-
ter in the two keyframes are extracted and corresponded. The process is shown in Figure

4.15(a) using the keyframes in Figure 4.13.

Now we need to decompose the character into components based on the skeleton.
The raster-based approach in Section 3.4.2.2 segments the character by pixels. In vector
representations, a stroke is an important element. A drawing is composed of strokes and
inbetween generation is based on stroke-to-stroke correspondence, thus a stroke should
be preserved throughout a sequence. We hence consider all data points on a stroke as a
whole in order not to break a stroke into different segments. To evaluate the distance of
a stroke \S; to a certain branch Bj, the average distance D; ; of all data points on S; to B;
is calculated. S; is associated with the branch By to which D, is the smallest. In this
way, each stroke will be associated with a branch of the skeleton. The graph matching
algorithm in Section 3.4.3 is adopted to match the skeletons of two keyframes based on
length of branches and neighboring relationship between them. Since each branch is
related to a component, the components in the two keyframes are matched accordingly.

A bending on a branch usually indicates different global motion inside the shape e.g.

the bending legs in Figure 4.15(a). In this case the branch as well as the corresponding
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(a) Skeleton extraction

TS

(b) Feature point extraction

(c) Matched and optimized skeletons

Figure 4.15: Skeleton correspondence

component should be further segmented into two. The method in Section 4.3.1 is applied

to extract feature points, as shown in Figure 4.15(b). If no corresponding feature point
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is found on its matched branch, one will be automatically inserted at the corresponding
position so that the two skeletons can be matched. Finally a branch can be simplified
into a straight line.

In current approach, distance calculation is used for decomposition without any topo-
logical information. Some strokes might be associated with a branch which is not struc-
turally correct. Besides, all feature points may not be identified e.g. the elbow of the
right arm in Figure 4.15(b). The arm bends smoothly thus it has no feature point in
both keyframes. Minor user-interaction is incorporated here while more robust approach
towards automation is being investigated. Figure 4.15(c) shows the final result of two
matched skeletons by manually inserting one more feature points at the elbow of the
right arm.

The junctions of the skeleton indicate how various parts are related. By manually
specifying the root node, a hierarchical structure is established. The corresponding hi-
erarchical structure of the skeleton in Figure 4.15(b) is shown in Figure 4.16, where the
junction node at the pelvis, i.e. Node 0, is specified as the root node. The structure
consists of several levels. The root node, Node 0, is at level 0, the highest level. Those
directly connected to it through a branch are in the next level, so on so forth. With the
hierarchical structure, any transformation applied to a node can be propagated down to

all its descendants in lower levels.

4.4.3 Kinematics-Enhanced Interpolation

To generate smooth motion according to the structure of the character, we incorporate
forward kinematics, which is commonly used in 3D animation, into our proposed tech-
nique of global motion estimation. Starting from the root node of the skeleton, its global
motion from keyframe 1 to keyframe 2 is estimated. Given only one node, only transla-

tion can be estimated. The transformation is applied to the node in keyframe 1 so that
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Level 0 Level1 Level2 Level3 Leveld
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Figure 4.16: Hierarchical structure

it is aligned with that in keyframe 2. The transformation is then applied to all descen-
dants of Node 0 in the hierarchical structure. A transformation of a node also drives the
motion of the branch linking the node and its exclusive parent node. A branch is related
to a number of strokes as described in Section 4.4.2. Therefore, those related strokes are
applied with the same transformation. The alignment of Node 0 is illustrated in Figure
4.17(b). For the next node i.e. Node 1, the same procedure applies, except that not only
translation but also rotation and scaling are estimated, as shown in Figure 4.17(c). The
estimation goes from higher levels to lower ones until every node in keyframe 1 is aligned
to that in keyframe 2. Figure 4.17(d) shows the final result of alignment.

Now interpolation is applied to the relocated keyframes to generate inbetweens. To
restore the motion of various components, inverse procedure is applied, from leaf nodes,
i.e. those in the lowest level, to the root node.

The final inbetween results are shown in Figure 4.18. Since the global motion is
minimized before interpolation, the problem of distortion is solved and the shape is well
retained.

Another example is illustrated in Figure 4.19. Notice that the two skeletons extracted
from the two keyframes by thinning are not consistent. As depicted in the circle in Figure

4.19(a)(ii), in this area, keyframe 1 has two split nodes while keyframe 2 has only one
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(a) Original keyframes

(b) Registering Node 0
(c) Registering Node 1

(d) Registering all nodes

Relocated keyframe 1 in darker strokes; keyframe 2 in lighter.

Figure 4.17: Global motion estimation

T R

Keyframe 1 Inbetweens Keyframe 2

Figure 4.18: Motion-enhanced inbetween generation: fencing

node. In this case, the two nodes in keyframe 1 will be merged automatically since they
are connected and very close to each other, which can be detected. Thus both keyframes
will have consistent optimized skeletons in Figure 4.19(a)(iii) and the same hierarchical

structure.

83



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 4. INBETWEEN GENERATION FOR VECTOR REPRESENTATION

(i) Keyframes (ii) Skeletons with feature points (iii) Optimized skeletons

(a) Global motion estimation
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Keyframe 1 Inbetweens Keyframe 2

(b) Linear inbetween generation (Main distortion circled)
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Keyframe 1 Inbetweens Keyframe 2
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(c¢) Motion-enhanced inbetween generation

Figure 4.19: Inbetween generation results: muscle boy

4.5 Junction Preservation in Inbetween Generation

In keyframe drawings, strokes intersect one and another, which often forms regions to
represent meaningful parts of objects or characters. In Figure 4.20, the arms and the legs

are always connected to the contour of the body in the keyframes. These touching points
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are notified as ‘junctions’ here. In general, it is a type of intersection of two DBSCs
in which at least one intersection point is an end point of a DBSC. If this junction
point occurs in successive keyframes, it should also be preserved among all inbetweens
to maintain shape features. However, since no constraint is placed in the interpolation
function, the points may not connect in inbetweens as depicted in the circles in Figure
4.20.

Preserving junction points is important, not only to maintain the real human struc-
ture, but also to facilitate subsequent coloring process. A region must be closed to apply
coloring in its interior. Any gaps on the boundary will result in the color ‘leaking’ out
of the region. Although small gaps can be filtered by existing gap closing algorithms, it
is more effective and efficient to avoid them at the time of generation than to fix them
afterwards. In this section, we propose an efficient method to compute junctions and

preserve them in inbetweens.

Keyframe 1 Inbetweens Keyframe 2

Figure 4.20: Interpolation without junction preservation: bean
(Main artefacts circled)

4.5.1 Intersection Detection

Since a junction is a type of intersection of two DBSCs, we will work on the general
detection of intersections. In [87], several curve intersection algorithms are compared,
including the well known Bézier subdivision algorithm, Bez-Sub, described in [47]. Bez-

Sub relies on the convex hull property of Bézier curves and on the de Casteljau algorithm
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for sub-dividing Bézier curves. A rational Bézier curve, with non-negative weights, lies
within the convex hull of its control points. Thus the algorithm compares the convex
hulls of two curves first. Only when they overlap will they be subdivided and the new
convex hulls be checked for overlap. Each iteration rejects parts of the curves which do
not contain intersection points.

Another algorithm Int-Sub proposed by [11] is similar to Bez-Sub. A curve is pre-
processed to determine its vertical and horizontal tangents and the curve is divided into
intervals that have horizontal or vertical tangents only at endpoints of the intervals. It
is based on the observation that within the intervals, a rectangle defined by any two
points on the curve, i.e. data points, completely bounds the curve between those two
points. The algorithm uses a bounding rectangle instead of convex hull, and subdivision
is applied by evaluating the (z,y) coordinates of the midpoint of the interval and defining
the two resulting rectangles.

DBSC is a mathematical model whose center curve is a B-spline curve. The difference
is that DBSC incorporates radius at each point, which composes a disk. Due to this
property, the intersection of two DBSCs can be rephrased as:

Two DBSCs intersect where control disks on the two DBSCs overlap.

It is easy to convert a B-spline to a piecewise Bézier curve. Similarly, the mathematic
model of DBSC supports efficient conversion to a piecewise disk Bézier curve. For a DBSC
with control disks {(Py,70), (P1,71), -y (Po_1,7n—1)}, the control disks of the converted

piecewise cubic disk Bézier curves are:

{Q0,07 QO,I, QO,Qa Ql,[)) QLI, Q1,27 ---Qn—Q,Oa Qn—2,17 Qn—2727 Qn—l,()}

{Qi0,Qi1, Qiz, Qiv10} (1 =0,1,...,n — 2) are the four control disks of a cubic disk
Bézier curve. Given two piecewise Bézier curves, the algorithms described in [87] can be
applied to compute intersections fast. The problem thus can be reduced to computing

intersections of two disk Bézier curves.
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Here we propose an efficient method to compute intersections of two DBSCs. Firstly,
we examine the convex hull property of a disk Bézier curve. As shown in Figure 4.21, a
disk Bézier curve is a Bézier curve with radius at each point. Thus it has control disks
instead of control points. The Bézier convex hull is illustrated in Figure 4.21. For a disk
Bézier curve, the radii of the control points must be taken into account. Suppose the 3"
disk has the largest radius. Now we expand all other control disks so that they have the
same radii as the i** disk. The external tangential line of two successive control disks
can be found which does not intersect with the convex hull of the center Bézier curve.
The four tangential lines together with the four control disks form a region. It is clear
that the disk Bézier curve lies within the region. To simplify computation, we compute
the bounding square of each control disk and then the convex hull of all the vertices of
the squares. The convex hull encloses the disk Bézier curve as well. With this powerful
property, now we can adapt the method in [47] which subdivides two curves and checks

the overlapping of the convex hulls for each pair.

J__ Convex hull of disk Bezier curve

N T —— 1—B0unding region of
n et disk Bezier curve
' et

-
- .
£ T

Convex hull of Bezier curve

Figure 4.21: Convex hull property of a disk Bézier curve
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In [47], iterations of subdivision repeat until a curve segment approximates a line
segment within a specified tolerance. If two such ‘straight line’ segments overlap, the
intersection point is accepted as an intersection of the two curves. For DBSC, overlap of
data disks needs to be detected in order to find intersections, as shown in Figure 4.22.
In such cases, the center curves may not intersect at all. To obtain accurate results, we
sample in parametric domain to compute the disks on a disk Bézier curve with a high
sampling rate based on the length of the curve. By linking the control points using line
segments, we calculate the total length [ of all segments as the approximate length of the
disk Bézier curve. Pre-setting a sampling step d, the number of disks, n, to be sampled

1s:

n =inf(length/step) + 1 (Eq. 4.19)

Figure 4.22: Intersections of two disk Bézier curves

The sampling knots in parametric domain are calculated as follows:

)
n—1

knot; = (1=0,1,...,n—1) (Eq. 4.20)

The more accurate result is desired, the smaller the sampling step should be set,

which may result in higher computational cost. An image is discretized in pixel level

88



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 4. INBETWEEN GENERATION FOR VECTOR REPRESENTATION

when being displayed at a certain resolution. Thus a sampling step of 0.5 is sufficient to
obtain accurate results when the image is displayed.

Now we compute the distance between each pair of sampled data disks on two disk
Bézier curves. For a disk D;; on the curve S; and a Disk D,; on the curve S, the

distance between D, ; and D, ; is calculated as follows:

dij = |Cri— Coyl =11 — 12 (Eq. 4.21)

where C ;, Cy; are the centers of D;; and Dy ; respectively; r;; and ry ; are the radii
of Dy; and Dy ; respectively. If d;; < 0, S; and Sy overlap at the two disks. A local
minimum is found to be an intersection of S; and Ss. Figure 4.23 shows the intersections

of two DBSCs computed by our method.

Figure 4.23: Intersections of two DBSCs

By applying the method, we can obtain the parametric value and the point coordinates
of each intersection, which will be used in the following process. Notice that it can also

be utilized to detect self-intersection of a single DBSC.

4.5.2 Junction Preservation

Once junctions are detected of the same stroke pairs in both starting and ending keyframes,

it should be preserved in inbetweens.
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Assume strokes S; and Sy form a junction in both keyframes. One point is an end
point P of S} and the other is a non-end point ) of S;. We then check whether the two
strokes intersect in inbetweens. Two situations need to be handled:

1. 57 and Sy intersect at point R, where a small artefact occurs. In this case, we
remove the artefact.

2. 51 and Sy do not intersect, which means a gap occurs between P and () in
inbetweens. In this case, we change the position of P.

In both situations, S, remains unchanged so that its shape is preserved. Figure 4.24

illustrates the situations.

Artefacts

Figure 4.24: Junction preservation

Now for case 2, the correct position of P in inbetweens needs to determined. From
the intersection detection method, we obtain the parametric value of the intersection
point ) on S, which is t; in keyframe 1 and ¢, in keyframe 2. Suppose n inbtweens are
generated. Based on the interpolation function, P, the position of P in inbetween I*
(k=0,1,...,n — 1) can be computed. The parametric values of @ in I* is computed as

follows:

/{:+1)+t k+1
n+1 2 n+1

te=1t,-(1— (Eq. 4.22)
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From the parametric value, we can compute (), the position of point Q) in inbetween
I*. To preserve the junction, P, must be equal to Q). Therefore, we set P, = Q
(k=0,1,...,n — 1) so that the two points always connect in the inbetweens. The result
is shown in Figure 4.25, where the artefacts in Figure 4.20 are removed by preserving the
junction points. Another two examples are shown in Figure 4.26 and 4.27. It is obvious
that by applying our proposed approach, undesired gaps or artefacts are eliminated and

inbetweens of better quality are generated.

Keyframe 1 Inbetweens Keyframe 2

Figure 4.25: Inbetween generation with junction preservation

4.6 Summary

In this chapter, our research focuses on the area of vector-based inbetween generation.
To solve distortion problem in the inbetweens, various information is extracted from
keyframes and utilized in inbetween generation. We first propose an approach of feature-
based stroke interpolation where feature points on two strokes are automatically ex-
tracted and corresponded in interpolation. Secondly we propose a novel technique of
motion-enhanced inbetween generation, where global motion of a character’s components
is estimated and interpolated. Finally we introduce a method to detect junction points
and preserve them in inbetweens. By applying these techniques, shapes are preserved,

distortion is eliminated and smoother inbetween result is achieved.
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Keyframe 1 Inbetweens Keyframe 2

(a) Inbetween generation without junction preservation
(Main gaps circled)

Keyframe 1 Inbetweens Keyframe 2

(b) Inbetween generation with junction preservation

Figure 4.26: Inbetween generation results: sea-creature
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Keyframe 1 Inbetweens Keyframe 2

(a) Inbetween generation without junction preservation
(Main gaps circled)

Keyframe 1 Inbetweens Keyframe 2

(b) Inbetween generation with junction preservation

Figure 4.27: Inbetween generation results: fish
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Chapter 5

Vectorization of Raster Line
Drawings in Cartoons

5.1 Introduction

Despite the digitization of many procedures in cartoon production, it is still common
for animators to draw frames with pencil and paper rather than on a digital tablet.
In computer-assisted cartoon production, vectorization is commonly required for the
raster line drawing images so that further applications can be performed easily, such as
scaling and auto-painting. Some attractive techniques of auto-painting are based on shape
matching, which is more suitable for processing vector-based graphics [41]. Efficiency of
storage is another advantage of vector representation. Hundreds of frames need to be
created to produce a cartoon film and a vectorized representation greatly reduces the
storage. The result of vectorization is affected by various factors such as the scanning
process and the non-uniqueness of vectorization [89]. Our aim is to obtain a vectorized
image as similar as possible to the original drawing while using relatively few data.
Rosenfeld [13, 14] introduced a number of algorithms for raster-to-vector conversion.
Other works have also been done to vectorize a raster image using different approaches
of approximation, such as polygonal approximation [82, 39, 43|, curve fitting [10, 38, 32,

63, 64], or skeletonization [41, 89]. However, these conventional methods obtain one-pixel
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wide skeleton but neglect a significant characteristic of artists’s drawings i.e. the different
width of strokes which embodies the expressions of artists, especially in the categories
such as animations of traditional Chinese style drawing as shown in Figure 5.1, a piece
by a famous Chinese cartoonist, Feng Zikai. Artistic information will be lost. To capture

the characteristic, regions depicting strokes should be represented.

Q
/

Figure 5.1: Traditional Chinese style cartoon drawing

There are mainly two kinds of techniques of 2D shape representation i.e. boundary-
based e.g. chain coding, polygonal approximation and spline interpolation, and region-
based e.g. Medial Axis Transformation, MAT. In our approach, we will use the novel
representation of freeform shapes, disk B-spline curve (DBSC'), as introduced in Section
4.2. Tt describes a region as well as its center curve thus provides useful information, which
is exploited to preserve the style of original drawings. It provides more information than
the boundary-based methods and uses less data compared with MAT.

According to the properties of DBSC as described in Section 4.2.1, a smooth shape
can be represented by a DBSC. A line drawing of cartoon frame usually comprises a
number of strokes and can be represented by a set of DBSCs. Therefore, our main task

to vectorize a line drawing by DBSC is to segment the drawing into strokes, extracting
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the data disks, i.e. the center points of the strokes as data points of DBSC and their
radii.

There are a few existing methods that may achieve the goal. MAT obtains the centers
and radii of mazimal disks [31]. Thus it seems to be a suitable method for our application.
However, though quite a few methods of MAT have been proposed [15, 49, 24], for a raster
image which is discretized and quantified, a disconnected or even an empty skeleton may
be obtained by MAT and the skeleton may not be one pixel wide. This will bring difficulty
in segmenting strokes. Besides, most methods have high computational cost.

Another solution is thinning method. A typical thinning algorithm iteratively peels
off boundary pixels according to a set of rules until a one-pixel wide, connected subset of
the original shape remains [91, 51, 21]. It generates a single-pixel-wide skeleton, which
is required for tracing and segmenting. The main disadvantage is that it may not obtain
accurate center points.

In this chapter we propose a novel approach taking advantages of both MAT and

thinning. The details will be elucidated in the following sections.

5.2 Data Disk Extraction

Our vectorization method consists of three processes: skeletonization, segmentation and
adjustment. In skeletonization, a raster line drawing is thinned into a one-pixel-wide
skeleton image. After tracing, we can segment the image into strokes, which consist of
ordered points. Adjustment is applied to centerize the points of the skeleton. The details

of the method are explained in the following sections.

5.2.1 Skeletonization and Stroke Segmentation

After an original drawing is scanned into the computer, it is converted to binary. Then

SUSAN thinning algorithm [51] is applied to obtain the skeleton, followed by a smoothing
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process to remove the artifacts. The process is similar to that proposed in Section 3.4.1.
The difference is that in Section 3.4.1 thinning is applied to the whole shape within the
character boundary to obtain the main structure, neglecting any details. Here we will
apply thinning to the original images to capture all details.

We use an example of a single region in Figure 5.2 to illustrate our method. A
general cartoon drawing (such as those shown in Section 5.6) usually consists of a set of
disconnected strokes and can be solved by iteratively searching for unprocessed separate
strokes. Figure 5.2 shows the original shape in shadow and the thinning result. The
original shape is thinned into a one-pixel-wide skeleton. However, it can be noticed that
some points are not on the center curves, e.g. those within the circle. Generally SUSAN

algorithm does not guarantee the results to be the center lines.

Figure 5.2: Skeletonization

Now that the skeleton is one pixel wide and connected, it can be traced so as to
segment the original shape into strokes using the method in Section 3.4.2.1. The skeleton

in Figure 5.2 consists of 26 strokes in total.

5.2.2 Point Centerization

Next, the points will be adjusted to the center curve of the stroke based on the definition

of maximum disk in MAT [31]. We define a circle with its center at the current point
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and iteratively calculate the centroid of all white (background) pixels contained in the

circle, which results in the following situations:

(i)

(i)

If there is no white pixel in the circle yet, the radius of the circle will be increased
with the center unchanged (Figure 5.3(a)). The centroid of white pixels within the

circle will be recalculated.

If the distance from the calculated centroid to the circle center is beyond a pre-set
threshold based on experiments, it infers that there exists only one contact of the
circle with the shape boundary (Figure 5.3(b)) i.e. currently the circle center is not
on the center curve. Therefore the circle center moves a step in the direction from

the centroid to current circle center (Figure 5.3(c)) and the iteration continues.

If the distance from the centroid to the circle center is within the threshold, it
infers that there is more than one contact of the circle with the shape boundary.
This means current circle is the maximal disk and the circle center is right on the
center curve. In this case, the iteration stops. The original point will be adjusted to

current circle center and the radius of the circle will also be recorded (Figure 5.3(d)).

(a) (b) () (d)

Figure 5.3: Sample point centerization

Note that as a DBSC needs only a small number of data disks to represent a smooth

shape as depicted in Section 4.2. Hence only a proportion of points need to be adjusted

and used as data points. This greatly reduces computational time.
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Due to the rounding computation of discretized raster image, deadlocks may occur as
shown in Figure 5.4. After some iterations, the point is currently adjusted to location a
in the defined discrete circle. The centroid of white pixels contained in the circle is thus
at a’. According to the rules we specified, the radius is unchanged and the circle center
a is adjusted to b. The corresponding centroid of white pixels is then at &’. The iteration
goes on and the point is subsequently adjusted to ¢ (the corresponding centroid is at
), d (the corresponding centroid is at d') and a again, which forms a deadlock. In this
situation, notice that the circle center is adjusted repeatedly without any change in the
length of the radius. This implies that there is always some contact with the boundary
after each adjustment i.e. the point is already on the center curve thus the iteration

stops.

—————
rmmmmmm——

Figure 5.4: Deadlock in centerization

Since thinning already generates a skeleton composed of approximate ‘center’ points,
the number of iterations is mainly affected by the width of the strokes i.e. the radii
of the maximum disks. Assuming the starting radius, the increment of the radius and
the movement of the circle center all as 1 pixel in our procedure, the average number
of iterations is 20.6 in Figure 5.2, where the maximum and the minimum radius among
all circles is 41 pixels and 0 respectively. For images with thinner strokes, the iteration
ends quickly and the computation is more efficient. Additional examples will be given in

Section 5.6.
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5.3 Sampling Rate

As stated earlier, the minimum number of sample points that a DBSC needs to represent
a smooth stroke is 4. For better efficiency, different sampling rates should be applied to
strokes of different length.

A variable sampling rate is adopted according to the length of strokes for compromise
between the quality of vectorization and the quantity of data. We define the sampling
rate 1/n, where n is the number of disks between two subsequent sampled disks. An
initial sampling rate is pre-defined based on experiments. If the number of sampled disks
on current stroke is less than 4 which is required for DBSC interpolation, the rate is
increased until there are sufficient disks sampled. In this way, higher sampling rate is
applied to shorter strokes and lower rate for longer strokes. Figure 5.5 shows the sampled

data disks. In total, 139 disks are sampled.

Figure 5.5: Sampled data disks

5.4 Reconstruction

Now the interpolation function of DBSC can be applied to the data disks to get the

control disks of DBSC, as illustrated in Figure 5.6. The consecutive control points are
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connected by black lines. The corresponding stroke is represented by a DBSC. To examine
the result, a reconstructed image is generated by drawing all the DBSCs onto a canvas.
Figure 5.7 shows the original shape (in shadow) and the reconstructed image (outline
only) for comparison. The peak signal to noise ratio, psnr, is used to evaluate the
difference between two images. psnr is based on the root mean square error, rmse, which
is the square root of the sum of all the differences in corresponding pixel intensities

between two images. Assuming an image resolution of m x n pixels,

n

1 m
_ )2
rmse = | ——— El k 1(@]7;€ %) (Eq. 5.1)
J: =

where i;;, and i, are the intensities of (j, k)™ pixel in the two images respectively.
With a p-bit pixel intensity, the psnr is defined as follows:

2r —1

psnr = 20log( )dB (Eq. 5.2)

rmse

The psnr for Figure 5.7 is 40.62 dB.

Figure 5.6: Control disks by interpolating data disks

The result shows the overall shape of the reconstructed image is quite close to the
original one. Some details are not captured such as the top of the left hand and the

contour around the left side of the waist. The former is due to the thinning algorithm
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Figure 5.7: Superimposed original image and vectorized image
(original image in shadow and vectorized image in outline)
which results in a missing stroke of a finger. This could be solved by further improving
the thinning algorithm in the future so that it captures all necessary details. The latter
results from a low sampling rate of the stroke and can be solved by increasing the rate

at the cost of more data.

5.5 Feature-Enhanced Sampling

A fixed sampling rate for a single stroke may also cause problem. Figures 5.8 gives
an example where (a) shows the sampled disks on an original stroke and (b) shows the
comparison between the original stroke (in shadow) and its reconstruction (outline only).
The actual length of the stroke is small thus only four data disks are sampled, which a
characteristic corner of the stroke is missed. It can be solved by increasing the sampling
rate but will result in redundant sampling for the smoother parts on the stroke. An
efficient solution is to sample feature points which indicate major turnings of the stroke.
The curvature at each point of the skeleton can be calculated using the technique of the
k-cosine measure for corner detection proposed by [34]. The method used in Section 4.3.1
is adopted which is a direct operation on a sequence of points and has low computational

cost.
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By the definition in Section 4.3.1, feature points are defined as points with a small
0. Based on experiments, feature points are selected to be the points where |#| < 90°
in our approach. Once the feature points are sampled, the original shape can be better
captured as shown in Figures 5.8(c) and (d). A small number of sampling points are

used here for clearer view. More points should be sampled to achieve accurate result.

Ll

(a) (b) (c) (d)

Figure 5.8: Feature-enhanced sampling

5.6 Results and Discussion

The algorithm has been tested on some images shown in Figure 5.9, a traditional Chi-
nese style drawing, Figure 5.10, a traditional cartoon frame of Tweety in Space Jam,
Figure 5.11, a piece of Chinese calligraphy by a Chinese calligrapher, Zhang Zhi, and
Figure 5.12, a frame of a Japanese Anime in real production. In each example from left
right, it shows (a) the original image, (b) the sampled disks, and (c) the vectorized image.
For Figure 5.9 to Figure 5.11, the total execution time from thinning to reconstruction
takes about 5-8 seconds, depending on the size and the complexity of the drawing. The
vectorization of Figure 5.12 takes more than a minute due to its tremendous size of
3190x2873 and complexity of drawing, which is required for high-quality production.
The process is fully automatic. When in some cases only a one pixel wide skeleton is
required e.g. Figure 5.10, all the radii can be simply set to 0.5.

Table 5.1 lists the dataset of the original images and the vectorized versions. The

original images are in TIFF format, which is uncompressed and provides superior quality
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(a) Original image (b) Sampled data disks (c) Vectorized image

Figure 5.9: Vectorization result: Traditional Chinese style cartoon drawing

(a) Original image (b) Sampled data disks (c) Vectorized image

Figure 5.10: Vectorization result: Tweety
(courtesy of Warner Bros.)
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(a) Original image (b) Sampled data disks (c) Vectorized image

Figure 5.11: Vectorization result: Chinese calligraphy

(a) Original image (b) Sampled data disks (c) Vectorized image

Figure 5.12: Vectorization result: Tsukasa
(courtesy of Anime International Co., Inc.)
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for real production. For vectorized images, only the center coordinates and the radius of
each sampled disks need to be recorded in text files, which greatly reduces the storage.
Since the radii are all set to 0.5 in Figure 5.10, the dataset can be further condensed. The
average number of iterations when centerizing the sampled points and the psnr between

the original and the vectorized images are also listed.

Table 5.1: Dataset of vectorization

No. of Strokes ‘ No. of data disks ‘ Average no. of iterations

Figure 5.9 118 668 4.3
Figure 5.10 84 567 1.3
Figure 5.11 79 444 3.6
Figure 5.12 396 1160 2.2
Tiff image size Tiff image size Text file size psnr

(pixels) (kb) (kb) (dB)

Figure 5.9 339x600 601 12 37.5
Figure 5.10 500%x 639 940 8 41.1
Figure 5.11 261x607 469 8 35.4
Figure 5.11 3190x 2873 26,875 31 26.2

From the results, it is obvious that the vectorized images are quite close to the original
ones judging by human eyes while the data required are much less. It proves that the
method is effective, especially in vectorization of large images such as cartoon drawings
in practical production. In our method, the resulting vector form only contains binary
information of the pixel instead of greyscale. This is adequate because in real animation
production, constant black lines are used for inking the outlines. There is no change of
the color. However, DBSC also supports intensity and color change in a single stroke in
specific applications.

Currently psnr is used in our method to evaluate the dissimilarity of the original raster

image and the reconstructed image rendered from the vector representation. A higher
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psnr generally indicates better quality of vectorization. psnr is based on pixel intensity
hence is rather an image-based evaluation without any topological evaluation. However,
preserving topology is important in vectorization. It will cause problem e.g. color leaking
if a closed region becomes open after vectorization. More appropriate evaluation should
be adopted to evaluate the topology. Improvement of the proposed vectorization method

can also be further researched so that topology in the original drawings is preserved.

5.7 Summary

In this chapter, we presented an automatic approach of line drawing vectorization using
a new model of freeform shape representation, DBSC. A method based on thinning and
MAT is applied to obtain data disks of the strokes in original raster images. Firstly
thinning is applied to get an approximate skeleton. Individual strokes can be segmented
by tracing the skeleton. Then the points on the skeleton are adjusted to the center
curve of the corresponding stroke according to the definition of MAT and their radii can
meanwhile be calculated. This is computationally efficient. Experiment results show the
effectiveness of the method in both retaining the style of original drawings and reducing

size of dataset.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis investigates computer-assisted inbetween generation in 2D animation pro-
duction. The ultimate target of our research is to reduce workload of manual inbetween
drawing hence increase productivity and creativity of animators. Most existing methods
are based on either pixel intensity of raster images or mathematical functions of vector
representation, but neglect information in the drawing itself, e.g. shapes, structures and
motion of characters. This commonly results in shape distortions and unsmooth motion.
Our research aims to solve the problems and generate smooth and realistic inbetweens.
Our work is carried out in both image-based and vector-based areas. In image-based area,
we aim to solve the problem of inaccurate correspondence of keyframes due to pixel-level
matching. In vector-based area, we focus on solving the problems resulting from common
linear interpolation.

Various techniques are proposed in this thesis in order to extract various information
from keyframes and incorporate it in the process of inbetween generation. Our main
contributions are summarized as follows:

In image-based area:

e A novel idea and technique is proposed to handle global and local motion of char-

acters respectively. A method of keyframe relocation is devised to minimize global

108



CHAPTER 6. CONCLUSIONS AND FUTURE WORK

motion inspired from methods in traditional animation production. It automati-
cally estimates global motion of a character and minimize it between keyframes. To-
gether with Modified Feature-based Matching Algorithm (MFBA), which is adopted
to estimate local changes, the technique achieves automation and handles a wide

variety of inbetweening problems, for both gray scale images and line drawings.

e For a character with complicated structure and motion, a novel idea is proposed
to handle different motion of various components based on segmentation. A novel
image-based character segmentation scheme is devised based on the skeleton which
is automatically extracted from the character. Motion estimation is then applied
to each component. The results prove effectiveness of our methods in achieving

accurate matching of keyframes and smoother inbetweens.

In vector-based area:

e Various critical information in keyframes is investigated, including feature points on
a stroke, hierarchical structure and motion of a character, and junction points be-
tween strokes. The information is extracted from keyframes and employed into the
interpolation process. Distortion is eliminated and smoother sequence of animation

is achieved.

e A hierarchical approach of character segmentation in vector-representation is pro-
posed. A hierarchical structure of the character is established based on the ex-
tracted skeleton. Global motion of the character’s various components is estimated
and kinematic interpolation is applied to the entire structure. The method pre-

serves shapes in the movement and eliminates the shorting problem in rotation.

e A method to detect junction points in keyframes and preserve them through in-

betweens is presented. A junction point is a type of intersection. Accordingly,
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intersection problem of disk B-spline curves (DBSC), the vector representation of
strokes we utilized, is investigated. The convex hull property of DBSC is proved.
With this powerful property, intersections thus junctions of DBSCs can be detected.

The approach preserves relationship between strokes and closed regions.

In image-to-vector area:

e Based on the requirement in the industry to convert raster images to vector rep-
resentation, an efficient vectorization technique is proposed based on thinning al-
gorithm and Medial Axis Transformation (MAT). It traces and samples original
images as strokes. Data disks of the strokes are computed and interpolated to
generate the vectorized image represented by DBSCs. Convincing results prove
effectiveness of the method in both efficiency of data reduction and resemblance
between originals and vectorized images. The technique can be used as the base of

further process in vector-based area.

The approaches proposed in this thesis have been implemented and incorporated in
a software which is used by renowned Japanese anime production company to produce

latest animes and the quality is generally accepted by professional animators.

6.2 Future Work

There is still much room to be researched and improved in current approaches we pro-
posed.

Currently, we apply segmentation by pixels in image-based methods and by strokes in
vector-based methods. Either pixels or strokes are low-level elements in a frame, which
mainly provide information of the image intensity or the way of drawing. They do not

provide information of the structure of a character. Pixels of a region may be segmented
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to adjacent component due to pure distance calculation from pixels to skeleton branches.
This may lead to incorrect segmentation and the integrity of regions or component is not
guaranteed. Examining a character, a hierarchical structure can be established in this
way: a character consists of components; a component consists of regions; and finally a
region consists of pixels or strokes. If segmentation is performed on a higher level, such
as by regions or group of regions, pixels or strokes contained in the same region will be
considered as a whole. This will lead to more accurate and meaningful segmentation. In
addition, subsequent coloring process is applied to regions. It is appropriate to detect
regions and use them as the basic elements for processing.

In image-base area, a region can be traced by searching pixels along boundaries. In
vector-based area, the results of intersection detection of two DBSCs described in Section
4.5.1 can be utilized. From the intersections computed, we can trace along the DBSC
since we already have the information of strokes in mathematical representation. Once
a character is successfully divided into regions, it will facilitate subsequent processing
such as coloring and may provide more flexible control and manipulation over a drawn
character.

Further applications in cartoon making may be extended based on our method of
vectorization. With the flexible representation of DBSC, operations like triangulation,
visualization and texture mapping can be applied to the points of the strokes straight-
forwardly. Some attributes can be defined on the strokes, such as a scalar field, vector
field, which may be utilized in stylized rendering. Generally images of superior quality
can be generated with raster imagery, but with vector imagery, textures and patterns are
usually difficult to replicate. However, DBSC supports great flexibility in texture due to
its intrinsic properties. This may lead to further research and applications.

In current method, the correspondence between strokes in keyframes is established

by the order of drawing, which somehow constrains the conventional way artists draw.
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This problem is more critical in the vectorization process. After vectorization, the corre-
spondence between strokes in keyframes is not established, thus interpolation cannot be
applied directly. Establishing correspondence automatically between pairs of DBSCs in
two images is a difficult task [12, 17]. If a stroke intersects with a few other strokes in
the original drawing, it may be represented by several DBSCs after vectorization. More
advanced technique of stroke matching between keyframes needs to be investigated in
future research.

The approaches proposed in this thesis handle translation and 2D rotation. However,
there are more complicated movements in traditional animation, such as rotation in
a 3D-like way. These situations are extremely difficult to be handled by computer. As
Catmull [23] pointed out, the main problem is due to the fact that keyframe drawings are
barely 2D projections of 3D objects with the original spatial information lost. Therefore
introducing 3D information is the most possible way to solve the problem.

One of the solutions is to construct a 3D model to provide 3D information. Consid-
ering the traditional inbetween drawing, an animator does have a 3D appearance of the
character in his mind when he draws. However, employing full 3D input models with
Non-photorealistic rendering (NPR) techniques may not be practical in 2D animation.
The 3D modelling phase is complicated and usually done manually, which requires a lot of
time and labor. In addition, 2D animation involves subtle artistic changes, exaggerated
actions as well as specific drawing style of artists. These characteristics can hardly be
captured by a rigid 3D model without complicated manipulation. Therefore, an accurate
3D model is not suitable for 2D animation.

Another idea is to use an approximate 3D model which may be constructed at lower
cost. In traditional production, animators usually draw rough primitives first to approx-
imately outline parts of a character and later polish them with all detailed features, as
shown in Figure 6.1. An approximate model allows reduction and simplification to the

benefit of higher level processing.

112



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

CHAPTER 6. CONCLUSIONS AND FUTURE WORK

Figure 6.1: Rough to detailed drawing

To build such a 3D model, some freeform modelling techniques such as [78, 59] may be
exploited. It may also help by using master frames. Master frames serve as a reference
for drawing and they portray a character from characteristic viewpoints offering most
details as illustrated in Figure 6.2. It is proper and feasible to construct the model based

on them.

Figure 6.2: Master frames
(by courtesy of NELVANA Limited)

In all, introducing 3D information to inbetween generation is a significant but tough
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task which is worthy of being researched and may lead to breakthrough in the problem

of inbetween generation and possibly other aspects of computer-assisted cel animation.
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